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ABSTRACT 
The substance of this thesis concen1s studies on the hormonal 
control of calcium across the inner mitochondrial membrane of rat 
liver. The following information has been gained and is discussed: 
iv 
1. Glucagon administration to rats leads to an increased ability of 
liver mitochondria to retain high concentrations of calcium for · 
prolonged periods of time. An investigation of parameters known to 
influence calcium transport reveal ed significantly higher 
concentrations of mitochondrial adenine nucleotides and increased 
transmembrane pH gradient following glucagon administration. 
2. The retention of calcium by liver mitochondria was related to the 
oxidation/reduction ratio of NADP/NADPH rather than to that of NAO/ 
NADH. The data suggest further that the enhanced stability of calcium 
accumulated by mitochondria from glucagon-injected rats may be related 
to the resistance of NADPH oxidation in these mitochondria. 
3. The perfusion of rat livers with a -adrenergic agonists induced 
rapid and large changes in many liver mitochondrial energy-linked 
functions in a way similar to that induced by glucagon. These include 
the calcium-translocation cycle (calcium uptake, efflux and 
retention), resistance to NADPH oxidation and the increase in trans-
membrane pH gradient. 
4. The ability of foetal rat liver mitochondria to transport and 
retain calcium varied markedly with the state of development . 
Glucagon, one of the hormones implicated in the regulation of 
metabolic changes at birth, was shown to improve mitochondrial calcium 
transport when injected into rat foetuses. 
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CHAPTER 1 
INTRODUCTION 
INTRO DU CTI ON 
Since the turn of this century it has been widely 
recognised that ions in general, and calcium in particular, 
play a crucial role in many physiological functions in 
eukaryotes. Despite much subsequent research we are only 
just beginning in 1980 to visualise the complex nature of 
this role and to comprehend the involvement of calcium in 
a range of interactions at the cellular level that in turn 
are coupled to the many reactions initiated by the 
appropriate stimuli at the cell surface and that result in 
the appropriate physiological response from within the 
cell. The substance of this thesis is a study of a small 
but important component of this problem, namely the 
mechanism by which appropriat e hormones administered ~n 
v i v o lead to a stable alteration in the transport of 
calcium across the inner mitochondrial membrane . 
The introduction to this thesis therefore considers 
primarily current views on the mechanism of mitochondrial 
calcium transport and the known physiological effectors of 
such transport , the role of glucagon in cell metabolism 
and a description of cyclic 3 ' , 5 ' -adenosine monophosphate 
(cAMP), a cyclic nucleotide which is thought to be intimately 
linked with the regulation of cell calcium in many tissues. 
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The introductory sections of individual chapters will 
provide further details as they relate to the experimental 
work presented in those chapters. 
CELLULAR REGULATION OF CALCIUM 
Large electrochemical gradients for ionised calcium 
(Ca) exist across many biological membranes. For example, 
the cell maintains the cytoplasmic concentration of Ca at 
10- 6 Mor less in tissue s like nerve, muscle, erythrocytes, 
giant axons and liver tis sues (Portzehl et al. , 1964; 
Baker et al. , 1971; Schatzmann, 1975; Claret-Berthon et 
al. , 1977, Carafoli & Crompton, 1978a; Baker, 1978), 
whilst the concentration of the ion in the external milieu 
is ·around 10~ 3 M. On the other hand, mitochondrial inner 
compartments contain ionised Ca concentration of about 
10 µM (Denton et al., 1978; Crompton et al. , 1976) in 
liver, heart and muscle tissues. Ca fluxes in the cell 
must be precisely controlled as Ca ion s play a vital role 
in many physiological processes . These include the 
contraction-relaxation cycle in muscle, release of neuro-
transmitter substances, secretion by various secretory 
granules, participation as a second "messenger" in the 
action of many hormones, and the regulation of the 
activity of various Ca-dependent enzymes (Rasmussen et al ., 
1976; Rasmussen & Goodman, 1977; Bygrave, 1978a,b; 
Carafoli & Crompton, 1978a,b; Exton, 1979a,b). 
Calcium can passively enter the cytoplasm from the 
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external environment down its concentration gradient, and 
its long-term maintenance within the µM range in the cyto-
plasm will largely depend on the active extrusion system 
located in the plasma membrane. However, control of Ca 
fluxes in the cell may also be achieved by other Ca-
pumping systems located in the mitochondria and endo-
plasmic or sarcoplasmic reticulum. These Ca-pumping 
systems probably play a major role in the fine control of 
rapid and transient changes in the intracellular Ca 
concentration, since their total membrane - surface area far 
exceeds that of the plasma membrane. For example, the 
plasma membrane contributes around 10 % of the total Ca-
transporting membrane surface area in the liver cell and 
as little as 0.01% in cardiac tissues (Carafoli & Crompton, 
1978a,b). By contrast, the regulation of Ca in erythro-
cites is exerted exclusively via the Ca-ATPase located in 
the plasma membrane (Schatzmann, 1975). 
The cell cytosol also contains a great number of non-
membraneous ligands, which are able to bind Ca. These 
ligands include simple compounds like adenine nucleotides, 
citrate, phosphate, phospholipids and more specialised 
proteins which bind Ca with high specificity and affinity. 
The role of these ligands in the overall control of 
cellular Ca may be expressed largely through their 
influence on specific Ca transporters, rather than through 
acting as Ca buffers per se . It would be hard to 
visualise that Ca binding to the ligands can respond to 
physiological stimuli. Ca therefore exists within the 
cell in a variety of forms including exchangeable, slowly 
exchangeable, bound, free or precipitated as a mineral 
(Claret-Berthon et al . , 1977; Bygrave, 1978b) . . 
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The relative importance of the various intracellular 
Ca uptake and binding mechanisms in the regulation of 
cellular calcium is currently the subject of intensive 
research, especially since the realisation that a 
redistribution of this ion accompanies the action of many 
hormones (Rasmussen & Goodman, 1977; Exton, 1979b; 
Michell, 197 9). This field is still in its infancy, but 
some general features are beginning to emerge . Mito-
chondria apparently contain the largest pool of readily 
exchangeable Ca in the cell (Claret-Berthon e t al. , 1977). 
In addition, more recently it was shown that mitochondria 
can act as a perfect Ca buffer in the physiological 
concentration range, without inducing significant 
perturbations to mitochondrial energy transduction 
(Nicholls, 1978) . Recent evidence also suggests that the 
release and subsequent reuptake of Ca by these organelles 
may be involved in the mechanism of action of a-adrenergic 
effectors and possibly also of glucagon in rat liver 
(Exton , 1979a , b; Blackmore et al. , 1979c) . 
Release and uptake of Ca from the endoplasmic 
reticulum may also be involved in the action of certain 
hormones (Waltenbaugh & Friedmann, 1978; McDonald et al. , 
1978; Bygrave & Tranter , 1978; Blackmore et al. , 1979c ; 
Taylor et al. , 1979) . Participation of the endoplasmic 
s 
reticulum in the control of intracellular Ca may also be 
expected fr om a consideration of the re spective affinities 
of Ca transp ort for Ca in both mitochondria and ID1crosomes. 
In the presence of physiological concentrations of Mg the 
Km for Ca of the mitochondria is increased to around 10 µM 
(see Carafoli & Crompton, 1978b) compared to around 1 µM 
for microsomes (Bygrave, 1978c). On the other hand, the 
maximal velocity for mitochondrial Ca transport far 
exceeds that found for microsomes (Bygrave, 1978b). 
Consequently, control of intracellular Ca may involve 
a co-ordinated process utilising both types of organelles . 
However, because this thesis is exclusively concerned with 
Ca transport by mitochondria, the features of this system 
will be considered now in detail. 
MITOCHONDRIAL CALCIUM TRANSPORT 
General properties 
Mitochondria accumulate Ca by a carrier-mediated, 
"active" transport process . The exact molecular mechanism 
by which Ca is transported is not known, but considerable 
evidence suggests that the movement of Ca into the mito-
chondria may be electrophoretic in nature, i.e. it occurs 
1n response to the membrane potential negative on the 
matrix side of the inner mitochondrial membrane . An out-
line of the supporting data follows: 
Kinetic studies concerned with the uptake of Ca by 
mitochondria have revealed substrate saturation at low Ca 
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concentrations with a Km for free Ca of the order of 
2-4 µM (Bygrave et al ., 197la,b; Carafoli & Azzi, 1972; 
Spencer & Bygrave, 1973; Reed & Bygrave, 1975a) ·. Other 
studies which had suggested a much lower affinity for Ca 
(Km approx. 50-60 µM) had employed the murexide technique, 
which suffers from a lack of specificity as discussed by 
Bygrave (1977). A degree of sigmoidality was also evident 
when the relationship between initial rates of Ca uptake 
and Ca concentration was examined (Bygrave et al ., 197la,b; 
Spencer & Bygrave, 1973; Scarpa & Graziotti, 1973; 
Vinogradov & Scarpa, 1973; Vallieres et al ., 1975; Reed 
& Bygrave, 1975a). This suggested that the hypothetical 
Ca carrier exhibited some form of co-operativity. 
Further evidence for a carrier-mediated transport of 
Ca came from studies on the energy-independent high-
affinity binding of Ca to rat liver mitochondria 
(Reynafarje & Lehninger, 1969; Carafoli & Lehninger, 
1971). This binding was thought to represent the direct 
interaction of Ca with the carrier molecule. However, it 
was shown later that this binding of Ca was sensitive to 
uncouplers and is not susceptible to chelation by EGTA. 
It was therefore argued that this Ca may be a pool of the 
ion which has already been transported into the mito-
chondria (Reed & Bygrave, 1974 c) . 
Further direct evidence for the involvement of an 
ion-selective carrier was provided by studies of the 
specificity of mitochondrial cation- transport. Rat liver 
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mitochondria preferentially transport Ca > Sr > Mn> Ba 
(Vainio et a l., 1970; Puskin & Gunter , 1972; Case, 1975). 
In addition, La (Reed & Bygrave, 1974a; Case, 1975) and 
Fe (Romslo & Flatmark, 1973; Romslo, 1975) can be 
transported into the mitochondria. Ca, Sr, Mn and Ba 
mutually inhibit the transport of each other, with the 
exception that Mn transport 1s stimulated by Ca (Mela & 
Chance, 1968; Vinogradov & Scarpa, 1973). Mg which is 
present in the mitochondria (Thiers & Vallee, 1957; 
Heaton & George, 1979) is not transported across the inner 
membrane in liver mitochondria at rates comparable to 
those of Ca. In heart mitochondria, a slow uptake of Mg 
has been described (Brierley et al. , 1963). Mg inhibits 
the transport of the other cations with Ki for Ca 
transport of 5 mM (Vainio et al. , 1970) . 
La and other lanthanides (Mela, 1969; Vainio et al . 
1970; Reed & Bygrave , 1974b) also inhibit mitochondrial 
calcium transport with high affinity and in a competitive 
manner with a Ki of the order of 20 nM (Reed & Bygrave, 
1974b). Inhibition of Ca transport by La was transient, 
as the lanthanide itself is transported into inner mito-
chondrial compartment (Reed ·& Bygrave, 1974a). Ruthenium 
Red, a polysaccharide stain has also been f ound to 
specifically inhibit Ca transport (Moore, 1971; Vasington 
et al., 1972; Reed & Bygrave, 1974b) in a non-competitive 
manner and with a Ki in the same range as La (Reed & 
Bygrave, 1974b). The very low Ki of these compounds 
suggests that the components of the Ca transport system 
are relatively sparsely disiributed in mitochondria and 
account for about 1 nmol per g of mitochondrial protein 
· (Reed & Bygrave, 1974b). 
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Glycoproteins capable of binding Ca with high 
affinity have been isolated fvomox liver mitochondria (see 
Carafoli, 1976). However, all efforts to reconstitute a 
Ca transport system using these Ca-binding proteins and 
liposomes have failed (Carafoli, 1976). Panfili et al . 
(1976) have succeeded in obtaining an antibody against the 
Ca-binding protein, thereby implying that proteins are 
specifically involved in the transport of Ca by mito-
chondria. 
Mitochondrial membranes also possess a large number 
of sites which can bind with Ca with relatively low 
affinity (see Reed & Bygrave, 1974c). This binding of Ca 
is energy-independent and seems to be predominantly to the 
phospholipids (Scarpa & Azzone, 1968). Low-affinity 
binding of Ca is competitively inhibited by local 
anaesthetics and other cations in the following order of 
potency, Mg>K > H+ (Scarpa & Azzi, 1968; Scarpa & Azzone, 
1968; Reed & Bygrave, 1974c). It was suggested that 
binding of Ca to these sites may precede transport of Ca 
into the inner mitochondrial compartments (Akerman, 
1977a,b) . The number of low affinity binding sites is 
about 20 nmol/mg protein, with a Kd of binding of about 
25 µM (Reed & Bygrave, 1974c) . The inhibition of low-
affinity Ca binding by Mg is especially interesting 
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because of its potential physiological significance. Mg 
has been shown to increase the sigmoidicity of the plot of 
initial rate of Ca transport versus Ca concentr~tion 
(Akerman e t a i. , 19 7 7) . Since, as discussed above, Mg 1s 
not translocated rapidly acro ss the mitochondrial membrane 
this ion may exert its effect on Ca transport by inter-
·acting with the low-affinity Ca binding sites. 
Calcium transport coupled to energy transduction 
According to the chemiosmotic hypothesis of 
biological energy conservation, mitochondrial respiration 
or ATP hydrolysis is accompanied by formation of a 
gradient of electrochemical potential of hydro gen ions 
across the mitochondrial membrane (Mitchell, 1961, 
1966): 
op = 6E - 5 9 6 pH , 
where 6E is the membrane potential, - 5 9 6 pH i s th e trans -
membrane pH gradient and 6p is the electrochemical 
potential. According to the chemiosmotic theory, it was 
envisaged that the mitochondrial respiratory chain would 
pump H+ ions from the mitochondria via three energy-
conserving sites to the cytoplasm creating the electro-
chemical potential across the inner mitochondrial membrane, 
negative and alkaline inside the matrix. H+ ions were 
thought to re - enter the matrix through an ATP synthase 
system with concomitant formation of ATP from ADP and 
inorganic phosphate (Mitchell, 1961, 1966). 
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The electrochemical transmembrane potential may be further 
utilised for transport of ions against their concentration 
gradient , and can drive energy-linked reduction of NADP 
by NADH via a reversal of electron transfer via the trans-
hydrogenase system (Moyle & Mitchell, 1973; Rydstrom, 1977, 
1979) or it can be dissipated as heat (see Skulachev, 
1977). Energy-dependent Ca transport 1n mitochondria 
originally discovered over three decades ago (Lehninger, 
1949; Slater & Cleland, 1953; Siekevitz & Potter, 1955; 
DeLuca & Engstrom, 1961; Vasington & Murphy, 1962) can be 
driven by energy derived either from oxidation of 
respiratory substrates (Rossi & Lehninger, 1963, 1964; 
Chance, 1965), or from ATP hydrolysis (Bielawski & 
Lehninger, 1966). 
A large body of evidence now suggests that the under-
lying driving force for Ca transport is the membrane 
potential generated as described above. Consequently the 
movement of the positively-charged Ca ion into the 
negatively-charged matrix space is regarded as an electro-
phoretic process. Data supporting this view are detailed 
below: 
(a) Osmotic swelling experiments of non-respiring 
mitochondria performed in a medium consisting of permeant 
anions like SCN and N0
3 
and Ca which can enter the mito-
chondria ( Se 1 wyn e t a i. , 19 7 0 ; Lehn in g e r , 1 9 7 4 ) : the 
swelling of mitochondria und e r those conditions is 
inhibited by low concentrations of lanthanides, implying 
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that Ca transport is mediated by the Ca carrier. 
(b) Stoichiometric charge compensation of the entry 
of Ca into mitochondria by the movement of 2H+ in the 
opposite direction (Heaton & Nicholls, 1976; Vercesi et 
al., 1978; Fiskum et al., 1979): it should be mentioned 
here that since the discovery that the energy-linked 
uptake of Ca is accompanied by the ejection of H+ into t~e 
surrounding medium (Saris, 1963), the precise super-
stoichiometry of Ca/H+, Ca/site, the stoichiometry of H+ 
ejection during electron transport and therefore the 
mechanism of oxidative phosphorylation has been a matter 
of controversy (discussed in Bygrave, 1978a; Lehninger et 
al. , 1978a,b; Mitchell, 1979). The puzzling super -
stoichiometry was centred around the fact that Ca was 
transported with either one (Saris, 1963; Chance, 1965; 
Rossi et al ., 1966a; Gear et a l., 1967; Moyle & Mitchell, 
1977a,b,c) or with two positive charges (Heaton & Nicholls , 
1976; Brand et a l., 1976; Reynafarje & Lehninger, 1977; 
Vercesi et al. , 1978; Fiskum et a l., 1979). The former 
is not consistent with purely electrophoretic movement of 
Ca, since in this case the H+/Ca ratio predicted two. A 
possible complication in the experiments where the number 
of protons ejected per Ca taken up was approximately 1, 
arise from H+ backflow, and H+ cycling which accompanied 
ATPase activity and inorganic phosphate transport 
(discussed in Villalobo & Lehninger, 1979). 
(c) Finally, further evidence for an electrophoretic 
component in the driving force for Ca transport by mito-
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chondria is provided by the observation that the entry of 
Ca is accompanied by the efflux of 2K in the presence of 
the neutral peptide valinomycin in respiration-inhibited 
mitochondria (Rossi et al ., 1967; Scarpa & Azzone, 1970; 
Akerman, 1978a). 
Electrophoretic movement of Ca into mitochondria 
would tend to collapse the membrane potential and increa?e 
the alkalinity of the inner mitochondrial compartments, 
the latter being due to charge compensatory ejection of H+ 
into the ambient medium (Mitchell & Moyle, 1969; Nicholls, 
1974), so that the actual electrochemical gradient would 
not change appreciably . Increased respiratory activity 
(Siekevit z & Potter, 1955; Rossi & Lehninger, 19 64) 
through the so-called respiratory "jump" would tend to 
restore the membrane potential returnin g it to initial 
values (Mitchell & Moyle, 1969; Nicholls, 19 74; 
0 
Akerman, 1978b) . 
In fl uence of permeant an~ons 
The capacity of mitochondria to accumulate Ca depends 
widely on the presence of added anions. In their absence 
mitochondria accumulate up to 100 nmoles of Ca per mg of 
protein during respiration (Lehninger et al ., 1967) . 
Further increases in the extramitochondrial Ca 
concentration result s in the inhibition of respiration and 
Ca uptake ceases . Such an inhibited state is called state 
6 (Chance, 1965; Chance & Schoener, 1966) . Little is 
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known about the molecular nature of Ca binding under these 
conditions, termed "limited loading", but it is believed 
that Ca binds to the anionic components of the i~ner mito-
chondrial membrane. The inhibition of respiration was 
connected with the binding of Ca to the respiratory 
components and with increased alkalinity associated with 
Ca accumulation (Vinogradov et al ., 1972). The release of 
inhibition of respiration under state 6 can be achieved by 
the addition of weakly acidic permeant anions such as 
phosphate or acetate (see Lehninger et a l., 1967). These 
permeant anions promote electroneutral influx of protons 
and therefore compensate for Ca-induced alkalinity of the 
inner mitochondrial space. Enhancement of Ca transport by 
permeant anions may be achieved in two ways. Firstly, 
acting by virtue of their acids, anions can decrease the 
internal pH gradient perturbed by Ca translocation and 
release state 6 of respiration (Lehninger, 1974). Reed & 
Bygrave (1975a) have shown that phosphate can increase the 
maximal velocity of Ca transport and suggested that 
permeant anions act on the rate-limiting step, namely the 
dissociation of Ca from its carrier on the internal 
surface of the inner membrane. 
Not all anions are capable of supporting Ca transport. 
For example, anions which are transported into the mito-
chondria as dissociated species like N0 3 and SCN do not 
promote Ca uptake. Lehninger (1974) has suggested that 
only anions able to donate protons to the matrix can 
support Ca uptake. Such anions include phosphate, acetate 
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and bicarbonate. These anions can pass into the respiring 
mitochondria either by a separate carrier; in the case of 
phosphate, via phosphate-hydroxy l antiport er or via 
dicarboxylate carrier (Coty & Pedersen, 1975); in the 
case of acetate and bicarbonate by simple diffusion or via 
an ionophore such as tributyltin which promotes Cl-/OH 
antiport (Bygrave et al. , 1978a). 
Anions can also support Ca transport by increasing 
the capacity of mitochondria to accumulate Ca. The 
quantity of accumulated Ca in the presence of phosphate, 
Mg and ATP was found to account for as much as several 
µ_moles per mg protein and was termed "massive" loading 
(Lehninger et al. , 1967). That type of loading was a 
subject of intensive research for many years and concerned 
the unusual appearance of hydroxyapatite granules in the 
matrix (see Lehninger et al ., 1967; Bygrave, 1978a). The 
accumulated Ca precipitates as amorphous hydroxyapatite 
granules (Greenawalt et a l. , 196 4) as confirmed by X-ray 
diffraction analysis of massively-loaded mitochondria 
(Lehninger et al. , 1978a). It was suggested that ATP and 
ADP plus Mg were specifically involved in the formation 
and stabilisation of amorphous granu l es (Leblanc et al ., 
1970; Binet & Volfin, 1971; Binet et al ., 1971; Posner, 
1978). In addition, the effect of high concentrations of 
Ca in the absence of Mg and ATP on the mitochondria is a 
process termed the "uncouplin g effect of calcium" 
(Lehninger et al. , 1967). 
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Uncoupling of mitochondria by Ca is a process in 
which mitochondria swell due to the inflow of water 
following the inward transport of Ca and phosphate, 
resulting therefore in the alteration of the permeability 
of the mitochondrial inner membrane. Subsequently, mito-
chondria lose their respiratory control, and release 
components like adenine nucleotides, pyridine nucleotides, 
Mg and Ca. The molecular details of this process are 
still not known, despite years of research in that field 
(Lehninger et al. , 1967; Bygrave, 1978a). This process 
and the possible mechanisms by which it occurs will be one 
of the subjects of this thesis. The possibility exists 
that Mg and adenine nucleotides are functionally involved 
in the maintenance of the structural integrity of the 
mitochondrial membrane, possibly preventing phospholipase 
A to be stimulated by Ca (Pollak, 1975; Hunter et al ., 
1976; Bygrave & Ash, 1977; Hunter & Haworth, 1979; 
Harris et al ., 1979). 
The Ca -translocation cycle 
In the last two decades, much of the work on mito-
chondrial Ca transport has been devoted to the character-
isation of the electrophoretic carrier-mediated inward 
movement of Ca. Drahota et al. (1965) first suggested 
that the accumulation of Ca by mitochondria might be 
related to a dynamic steady-state established between Ca 
influx and efflux mechanisms. Characterisation of the 
latter efflux process has received little attention until 
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relatively recently (Stucki & Ineichen, 1974; Bygrave, 
1978a; Carafoli, 1979). As described below, the evidence 
for a separate efflux system rests in the main on both 
thermodynamic and kinetic evidence. 
As mentioned previously, there s t il l is considerable 
uncertainty regarding the degree of charge compensation 
accompanying Ca entry into the mitochondria. Passage of 
Ca across the inner mitochondrial membrane as the doubly-
l-+ 
charged ion, Ca (Heaton & Nicholls, 1976; Puskin et al ., 
1976; Re ynafarje & Lehninger, 1977; Vercesi et al ., 
1978; Fiskum et al. , 1979), rather than CaA + species (when 
A is an anion, specifically suggested to be phosphate) 
(Moyle & Mitchell, 1977a,b,c) by an electrogenic mode in 
response to the membrane potential, would result in a 
mitochondrial:cytoplasmic Ca concentration gradient of 10 6 
(calculated according to the Nernst equation and adopting 
the estimated membrane potential of 160-200 mV (Mitchell & 
Moyle, 1969; Nicholls, 1974; Ramachandran & Bygrave, 
1978). The actual mitochondrial:cytoplasmic calcium 
concentration measured using Mn as a paramagnetic Ca 
analogue is around 10 3 (Puskin et al. , 1976). A mito-
chondrial :cytoplasmic Ca ratio of 10 3 or less can also be 
inferred indirectly fr om a study of the activities of 
various Ca-dependent cytoplasmic and mitochondrial en zymes 
(see Carafoli & Crompton , 1978a; Denton et al. , 1978). 
Clearly then, Ca does not distribute across the mitochon-
drial ~embrane solely according to the estimated membrane 
potential of 160 mV . One possible explanation recently 
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put forward and favoured i s that the thermodynamic 
equilibrium predicted by the Nern s t equation is not 
attained simply because a specific Ca efflux mechanism is 
simultaneously operatin g to prevent such an equilibrium 
situation. 
Other evidence for an independent Ca efflux mechanism 
sterns from the relative insen s itivity of Ca efflux to 
Ruthenium Red which is a power f ul inhibitor of Ca entry. 
On general grounds, it can be expected that Ca efflux from 
respiring mitochondria will not proceed by electrophoretic 
uniport, since the electrochemical gradient, ne gative 
inside, is maintained under those conditions. On the 
other hand, Rut'heniurn Red is less active in inhibiting Ca 
efflux under conditions where an uncoupler of oxidative 
phosphorylation is added to dissipate the 6p (Rossi et a l., 
1973; Puskin et al. , 1976; Po zz an et al. , 1977; Caroni 
et al. , 1978; Gunter et a l., 1978; Fiskum & Cockrell, 
1978). However, Ruthenium Red, under some conditions, can 
dramatically reduce efflux of Ca from mitochondria (Reed, 
1974; Pozzan et al ., 1977). These latter findings raise 
the possibility that Ca may al s o exit from the mito-
chondria by a pathway not indistinguishable from the 
influx route. 
An independent release pathway for Ca has been demon-
strated in heart and the other excitable ti ss ue mito-
chondria (Crompton et a l. , 1976, 1977, 1978; Crompton & 
Heid, 1978), and in liver mitochondria (Lehnin ger et al ., 
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1978c; Fiskum & Lehninger, 1979); both have been shown 
to be largely Ruthenium Red-insensitive. In heart mito-
chondria, such a mechanism involves an obligatory Na/Ca 
exchange, which permits Ca efflux against its gradient of 
electrochemical potential. The two Ca carriers have been 
. + incorporated, together with a Na/H antiporter, into a 
Na/Ca cycle, that involves recycling of Ca, Na and H+ 
across the inner mitochondrial membrane. However, the 
Na/Ca is absent in isolated liver mitochondria, where more 
recently, another Ca efflux system was postulated, 
+ involving Ca/H electroneutral antiporter (Lehninger et 
al., 1978c; Fiskum & Lehninger, 1979). These authors have 
shown that the Ca efflux and Ca influx systems of rat 
liver and heart mitochondria are independently regulated, 
the efflux system being most active when the mitochondrial 
pyridine nucleotides are in the oxidised state and least 
active ·when they are in the reduced state (further details 
are discussed in Chapter 4). 
By analogy with the substrate-cycle concept proposed 
by Newsholme & Crabtree (1976), it has been suggested that 
electrophoretic uniport and separate Ca efflux mechanisms 
of mitochondrial Ca flux may constitute a "Ca-translocation 
cycle" (Bygrave, 1978a). The practical importance of such 
a cycle is that it provides potentially greater 
sensitivity in metabolic regulation . The steady-state 
distribution of Ca by mitochondria may be determined by 
the relative kinetics of Ca influx and efflux, which can 
accommodate a greater number of effectors, and thus may 
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not be in thermodynamic equilibrium with the membrane 
potential. It is obvious that this proposed cycle would 
involve the dissipation of energy , but thi s ne ed. not be 
large . Stucki & Ineichen (1974) calculated that Ca-
cycling accounts for about 20 % of the re sp iration under 
steady-state conditions in liver mitochondria. On the one 
hand, it is desirable to have a mechanism for Ca efflux 
which does not require a decrea s e in membrane potential as 
the important mitochondrial function, ADP phosphor yl a tion, 
depends on th e el ectrochemi cal gr adi ent es t ab l is hed 
across the inner mitochondrial membrane (Mitchell , 1961, 
1966) . 
The e ffect of physiological substances and 
states on mitochondrial calcium transport 
As pointed out elsewhere in the Introduction, Ca, Mg 
and phosphate are able to influence mitochondrial Ca 
transport. In addition, several other metabolites are 
known to influence Ca efflux from Ca-preloaded mito-
chondria . Phosphoenolpyruvate (PEP) i s abl e to pro mote Ca 
efflux in liver and heart mitochondria (Pen g et al ., 1974; 
Chudapongse, 1976). The authors have suggested that Ca 
efflux under those conditions is coupled to the 
atractyloside-sensitive PEP/ATP exchange. The loss of 
mitochondrial ATP may increase the ionised Ca inside mito-
chondria , sihce ATP tends to maintain mineralised Ca in an 
amorphous state in the matrix. However , it was found that 
PEP at the same time dramatically decreases the membrane 
potential and uncouples the respiration (Roos et aZ ., 
1978); thi~ may not occur under normal conditions in the 
cell. 
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On the other hand, there are some indications that 
Na-induced Ca efflux may be significant in the physiology 
of heart and some other tissues other than liver (Carafoli 
& Crompton, 1978b). Heart plasma membrane contain another 
sodium-requiring mechanism, the Ca/Na exchange system 
which promotes the iriflux of Na into the cell during the 
course of the action potential (Reuter, 1974). During 
nervous stimulation, the intracellular-free sodium 
concentration rises to 6 mM, which is in the range of the 
optimal sensitivity of the mitochondrial Ca efflux system 
to Na (the half-maximal velocity is about 0 . 12 µmol Ca per 
mg of protein per s at about 8 mM external Na) (Crompton 
e t aZ. , 1976). It was suggested that Na -induced Ca efflux 
from heart mitochondria may also be involved in the action 
of cirdiac glycosides (Carafoli & Crompton, 1978b). 
Glycosides inhibit the Na/K ATPase responsible for the 
pumping of Na from the cell, and this may account for the 
positive ionotropic effect of these drugs . Possible 
similar implications of Na-induced efflux of Ca from mito -
chondria were found in the cells which secrete insulin in 
response to the release of Ca in the absence of exogenous 
Ca (Lowe et aZ. , 1976). 
Tumour tissue which in genera l contain a high content 
of calcium, possess mitochondria that are able to retain 
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Ca more efficiently than "normal" mitochondria (reviewed 
by Bygrave, 1976; Pedersen, 1978; Mikkelsen, 1978). The 
retention of Ca under these conditions is associ~ted with 
the resistance of tumour mitochondria to the time-
dependent uncoupling of Ca. Therefore, they do not 
respond to the deleterious action of Ca as do normal mito-
chondria (Thorne & Bygrave, 1974a,b; McIntyre & Bygrave, 
1974). The tumour mitochondria may have undergone 
permanent changes in situ, the origin of which is not 
known (Bygrave, 1976; Pedersen, 1978). 
It was found also that insulin (Dorman et a l. , 1975.) 
and glucagon (Hughe s & Barritt, 1978; this thesis) adminis-
tration into intact rats results in th e resistance of sub-
sequently isolated mitochondria to the uncoupling action 
of Ca. The physiological significance of these findings 
will be discussed in Chapter 5 of this thesis. 
GLUCAGON 
' I \I 
Glucagon was first discovered by Murlin in 1923 as 
the hyperglycemic factor, present as a contaminant in many 
insulin preparations. However, purified crystalline 
glucagon was not prepared until 30 years later by Staub . 
At the same time, glucagon was shown to be a single-chain 
poly-peptide with 29 amino acids and having a molecular 
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weight of 3485 Dal tons (Bramer et al. , 1957). It is 
synthesised as a large precursor form by the a-cells of 
the islets of Langerhans and oxyntic mucosa of the stomach 
(Munoz-Barragan et al. , 1977). It is stored in a-granules 
as a trimer . Insulin, the other major product of the 
islets of Langerhans,is produced by 8- cells. Therefore, 
the islets perform the vital function of the regulation of 
blood glucose, through the s e two mutually antagonistic 
hormones. The ambient glucose concentration as well as Ca 
redistribution appears to dominate control of secretion of 
that unit under normal circumstances (reviewed by Unger & 
Orci, 1976; Leclercq-Meyer et al. , 1977). Pancreatic 
glucagon 1s released into the portal vein, and is carried 
first to the liver, the prime targe t of the hormone. In 
the port al b load, the concentration of gl ucagon is °' rfY" "' 
10- <tl"\ (Felig et al. , 1974), which is compatible with 
the estimate of Rodb ell et al . (1971a) of physiological 
binding of glucagon to hepatic receptors (Km of 4.5 x 10- 9 
M). Degradation and clearance of gluc agon is carried out 
essentially in the liver, kidney and muscle, although rat 
and human serum have also been shown to be particularly 
glucagonolytic in vitro (Ung e r & Orci , 1976). 
Peptide hormones, like glucagon, do not readily 
penetrate the plasma membrane, but rather bind to specific 
membrane receptors, and stimulate adenyl cyclase resulting 
in a rise of cAMP, as will be discussed in more detail 
later in the Introduction . It is believed that all of the 
known effects of glucagon on liver, heart, adipose tissue 
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and pancreas (Exton et al. , 1972) are mediated through 
cAMP, which activates cAMP-dependent protein kinase, which 
in turn can covalently phosphorylate specific proteins 
operating in the hormonal control of metabolism. 
It appears that the fine control of metabolism by 
hormones is achieved by the phosphorylation-
dephosphorylation of appropriate enzymes at the rate-
limiting points in glycogenolysis (Hers, 1976; Nimmo & 
Cohen, 1977; Greengard, 1978; Cohen, 197 9) , gluconeo-
genesis (Exton, 1972; Nimmo & Cohen , 1977), by increased 
amino acid transport into the main gluconeogenetic organs 
1 i k e 1 iv er or k i dn e y (Par i z a e t a i. , 19 7 6 ; Ki 1 b erg & 
Neuhaus, 1977) and by stimulating the mitochondrial 
respiratory chain and altering metabolite transport 
between the cytosol and mitochondria (Yamazaki, 1975; 
Garrison & Haynes, jr., 1975; Titheradge & Coore , 1976 a,b; 
Hughes & Barritt, 1978; Barritt et al. , 1978; Prpic et 
a i. , 19 7 8 ; Ha 1 est rap , 19 7 8 a , b , c ; Si es s & W i e 1 and, 19 7 8 , 
1979; Ti theradge & Haynes, jr., 1979). On the other hand, 
glucagon can induce the synthesis of phosphoenolpyruvate 
carboxykinase and urea cycle en zymes (Wicks, 1969; Hanson 
et a l., 1973; Snodgrass et al. , 1978), which is regarded 
as the long-term control of metabolism, as it requires 
protein synthesis . Thi s limited anabolic effect of 
glucagon may be related to the phosphorylation of nuclear 
or ribosomal protein by cAMP -dependent protein kinases 
(Nimmo & Cohen, 1977). 
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Thus glucagon stimulates glycogen breakdown at the 
level of phosphorylase (Assimacopoulo s -Jeannet et ai ., 
1977; Van de Werve e t a i., 1977; Keppens e t a i .. , 1977) 
and glycogen synthase (Hers, 1976; Soderling et a L, 
1979). Stimulation of glucon eogenesi s by glucagon appears 
to involve changes in pyruvat e and trio s e phosphate 
metabolism. Pyruvate kinase type-1 activity is decreased 
through cAMP-dependent phosphorylation whilst pyruvate 
uptake and carboxylation by the mitochondria is stimulated 
(see Krebs & Beavo, 197 9 ; Hale s trap, 1978b). There are 
indications that the enzymes phosphofructokinase and 
fructose diphosphatase are also regulated by cAMP-
dependent protein kinase (see Nimmo & Cohen, 1977; Krebs 
& Beavo, 1979). On the other hand, glucagon stimulates 
ur eoge nes i s (Mall ett e et a L , 1969) , t he pa thway whos e 
initial steps are localised within mitochondria, most 
probably through increased supply of ATP (Yamazaki & 
Graetz, 1977; Bryla et a i., 1977). In addition, glucagon 
decreases the activity of acetyl-coen zyme A carboxylase, 
the key enzyme in the biosynthesis of fatty acids most 
probably by covalent phosphorylation in a cAMP-dependent 
way (Witters et a i., 1979) . Glucagon stimulates hormone-
sensitive lipase in adipocyte tissue (see Steinberg, 
1978) and hepatic acyl-carnitine transferase (Cook et a i ., 
1977). The latter may be due to the decrease in mito-
chondrial malonyl coenzyme A (Cook e t ai. , 1977; McGarry 
& Foster, 1979) . This will increase the availability of 
fatty acids and their conversion to ketone bodies. 
25 
Consequently glucagon is able to induce the inhibition of 
hepatic protein synthesis. It was suggested that this may 
be achieved by phosphorylation of ribosomal proteins in a 
cAMP-dependent way or by effecting the initiating factor 
(Datta et a l., 1977). More recently, it was proposed that 
the observed inhibition of hepatic protein synthesis may 
be brought about by the alterations of some intracellular 
metabolic parameters such as the energy status or amino 
acid content (Requero et al. , 19 79) . 
More recently, it has been recognised that the 
redistribution of Ca in the cell may play a role in the 
action of glucagon on hepatic metabolism (see Chapter S 
for references) . The target enzyme for Ca is phosphoryl-
ase b kinase which is stimulated by Ca in the micromolar 
range (Keppens et al. , 1977; Assimacopoulos-Jeannet et 
al. , 1977; Blackmore et al. , 1978). In addition, there 
is interest in the possible regulation of glycogensynthase 
(Soderling et al. , 1979; Cohen, 1979) and pyruvate metabolism 
(Meli & Bygrave, 1972; Foldes & Barritt, 1977) by Ca . 
CYCLIC AMP 
This cyclic nucleotide was discovered by Sutherland 
and coworkers (see Robison et al. , 1971) during the course 
of studies on phosphorylase b kinase activation and the 
regulation of glycogenolysis . Thereafter, it was 
postulated that cAMP may be the second messenger, which 
mediates the act ion of various hormones (Robison et at. , 
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1971). According to this concept, hormones may be 
regarded as first messengers which can carry the necessary 
information to the cell. Hormones can bind to their 
respective receptors located on the plasma membrane in 
their target tissues, and alter the intracelluar level of 
cAMP recognised as the second messenger. The end result 
of the increased level of cAMP may finish in the 
activation of the cell. 
Adenyl cyclase, the enzyme responsible for the 
conversion of ATP into cAMP and PPi in th e pre sence of Mg 
is an integral part of the plasma membrane of various 
tissues. There is general a greement that the hormone 
sensitive adenyl cyclase syst em cont ains at least thre e 
distinct components (Robi s on et aZ.. , 1967; Rodbell, 1978; 
Pfeuffer, 1979): 
(a) the hormone receptor; 
(b) the regulatory guanine nucleotide-binding protein; 
and (c) the catalytic unit itself, for the cyclising 
reaction and conversion of ATP into cAMP plus PPi. 
In addition, there are other sites of unknown location 
which interact with metal ions like Mn, Ca and Mg (Londos 
& Preston, 1977; Brostrom et a Z.., 1977; Cooper e t ·a z.., 
1979) and adenosine (Arch & Newsholme, 1978; Kiss, 1979). 
There is considerable evidence that hormone receptors 
are independent from the catalytic unit of adenyl cyclase 
and are mobile in the plane of the membrane (Schramm e t 
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al., 1977; Jacobs & Cuatrecasas, 1977). According to the 
"mobile-receptor" hypothesis, the receptors on the 
membrane diffuse within the plane of the membrane and, 
following hormone binding, have a greater affinity for the 
adenyl cyclase. The hormone-receptor complex binds to the 
adenyl cyclase reversibly, regulating enzyme activity. An 
involvement of guanine nucleotides in the activation of 
adenyl cyclase by glucagon was first demonstrated by 
Rodbell e t a l. (1971b). Later, many hormone-sensitive 
adenyl cyclase systems from tissues other than liver were 
also reported to be regulated by guanine nucleotides 
(Rodbell, 1978; Kimura & Nagata, 1979; Pfeuffer, 1979). 
The exact mechanism which would explain the activation of 
adenyl cyclase and its interaction between regulatory 
subunits is still not clear (Kimura & Nagata, 1979; 
Pfeuffer, 1979), but it seems that the active enzyme is 
associated with GTP (E.GTP) and inactive enzyme with GDP 
(E.GDP). Due to the presence of the GTPase the adenyl 
cyclase system can be assumed to be in constant turnover. 
Glucagon-receptor interaction promotes · the binding of GTP 
to adenyl cyclase, resulting in the stimulation of the 
enzyme . It has been suggested that the observed enhance-
ment of cAMP production by cholera toxin result from the 
inhibition of the GTPase (Cassel & Selinger, 1977) and 
thereby favouring increased GTP binding and activation of 
adenyl cyclase. The adenyl cyclase of rat adipocyte 
plasma membranes is unusual in that it shows a biphasic 
response to GTP . At low concentrations, GTP inhibits 
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adenyl cyclase activity, whilst at higher concentrations 
it stimulates the enzyme (Cooper et a l., 1979). Ions like 
Mn and Mg can modulate the regulation of the enzyme by GTP 
(Londos & Preston, 1977; Cooper et a l., 1979). On the 
other hand, there is an intimate linkage between the GTP 
inhibitory process and the process through which adenosine 
inhibits adenyl cyclase in that tissue (Cooper et al ., 
1979). This can obviously increase the regulatory 
sensitivity and may explain the diverse actions of adenyl 
cyclase modulatory hormones in their target tissues. For 
example, insulin inhibits the rise in the content of cAMP 
due to catecholamines or glucagon in adipose and liver 
tissues, the latter being less reproducible (discussed in 
Kiss, 1979). The same author has found that the 
antagonistic effect of insulin on glucagon-stimulated 
adenyl cyclase activity of liver plasma membranes requires 
adenosine and Ca in the µM range. 
Adenyl cyclase derived from a wide variety of tissues 
is inhibited by low concentrations of Ca (Jard & Bockaerd, 
1975), while brain tissue possess an enzyme activity which 
exhibits a biphasic response to Ca; that is, low Ca 
concentrations activate and higher concentrations inhibit 
the enzyme act iv it y (Bro s tr om e t a Z. , 1 9 7 7 ) . Ca 1 c i um -
dependent regulation of brain adenyl cyclase appears to be 
regulated through a specific calcium-binding protein of 
low molecular weight (Brostrom et al., 1977, 1979), the 
same one which participates in Ca-dependent regulation of 
brain cyclic nucleotide phosphodiesterase (Wolff & 
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Brostrom, 1974) . 
Cyclic nucleotide phosphodiesterase, the enzyme which 
hydrolyses cAMP to 5' -AMP, is recognised as the ·only 
metabolic fate of cAMP (Appelman et al., 1973). This 
enzyme is present in all mammalian tissues and shows 
considerable complexity of properties and forms (Appelman 
e t al ., 1973; Wells & Hardman, 1977). Most tissues 
contain two kinetic forms of phosphodiesterases, a high Km 
(10- 4 M for cAMP) and low Km (1 µM) . The latter was found 
to be activated by insulin in adipose tissue and liver 
(Loten et al. , 1978). Besides its action on adenyl 
cyclase, this can play a part in the observed effect of 
insulin to lower cAMP in those tissues. 
Cyclic AMP-dependent protein kinase was discovered in 
1968 (Walsh et al .) and soon was recognised as the only 
receptor for cAMP in mammalian tissues. This enzyme 
usually appears in two forms, which can be separated by 
chromatography on DEAE-cellulose. Both enzymes have the 
subunit structure R2 C2 (R is a regulatory subunit which 
binds cAMP and Ca catalytic subunit which carries the 
active site(s)) 
R2 C 2 + 2 cAMP -+ R2 • ( cAMP) 2 + 2 C . 
Type I and type II forms of cAMP seem to have identical 
catalytic subunits, but they differ in their regulatory 
subunit (see Nimmo & Cohen, 1977). These types of cAMP-
dependent protein kinase are solub le and can be detected 
in high-speed supernatants of tissue extracts . Some 
30 
tissues contain a distinct cAMP-dependent protein kinase 
bound to the membranes and account for 5% of the total 
tissue ' s activity (Uno et ai. , 1976). The significance of 
this diversity has not been elucidated, but it is possible 
that it may lie in control by compartmentation, or their 
differing response to the tri gger (Krebs & Beavo, 1979). 
The basic reaction of cAMP-dependent protein kinase 
and of any other protein kinase, involves phosphorylation 
of proteins utilising ATP: 
Protein + nATP protein kinase 
-'-~ 
Protein-Pn +nADP. 
The opposite, a dephosphorylation of proteins, is achieved 
by the enzyme phosphoprotein phosphatase: 
Protein-Pn + n H 0 
2 
phosphoprotein 
phosphatase 
-'-~ 
Protein + nPi . 
The exception to this general scheme would be the involve-
ment of GTP as phosphate group donor in the case of GTP-
dependent protein kinase (see Krebs & Beavo, 1979). In 
the determination of substrate specificity for cAMP-
dependent protein kinase, it seems that the main 
determinant is the basic primary structure of the protein 
(Krebs & Beavo, 1979). The latest information shows that 
21 enzymes have been shown to undergo phosphorylation-
dephosphorylation reactions, though some of them may not 
be physiologically significant (Krebs & Beavo, 1979) . 
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CALCIUM IONS IN TiiE ROLE OF MESSENGER 
After the discovery of cAMP, full attention was given 
to that cyclic nucleotide as the unique intracellular 
messenger in the action by many hormone s . However, during 
the last 8 years, an increasing number of studies 
involving the mechanism of action of hormones (Exton & 
Harper, 1975; Rasmussen & Goodman, 1977) and the better 
understanding of Ca regulation on cellular level, have 
led to the general acceptance that calcium ions, in the 
addition to cAMP and cGMP are interrelated messengers in 
the regulatory network of cell activation . 
It was found that the stimulation of hepatic carbo-
hydrate metabolism in rat liver by epinephrine is not 
mediated through cAMP but rather by the a -syst em (Exton & 
Harper, 1975; Exton, 1979a,b). On the other hand, it was 
observed that the action of catecholamines , glucagon, 
vasopressin or angiotensin on the perfused liver or on 
hepatocytes led to the rapid and transient efflux of Ca 
out of the cell (Friedmann & Park, 1968; Friedmann & 
Rasmussen, 1970; Dambach & Friedmann , 1974; Keppens et 
al. , 1977; Assimacopoulos-Jeannet et al. , 1977; 
Blackmore et al. , 1978; Chen et al., 1978; Blackmore et 
al. , 1979a,c). Consequently it was observed that a -
adrenergic agonists phenylephrine and epinep)'ine, can 
induce Ca efflux from the isolated parenchymal cells, to a 
greater extent than glucagon, the former accounting for 
20-30% of the total cell calcium (Assimacopoulos-Jeannet 
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et al., 1977; Keppens e t a"l., 1977; Blackmore e t a"l., 
1978; Chen e t a"l., 1978; Blackmore et a "l., 1979a,b,c). 
On the other hand, a correlation was found between Ca 
efflux and the activation of phosphorylase kinase 
(Assimacopoulos-Jeannet et a"l. , 1977; Blackmore et a l., 
1978). The origin of Ca was found to be the intracellular 
stores, mitochondria and the endoplasmic reticulum 
( B 1 a c km o re e t a 7,. , 19 7 9 a , c ; Bab cock e t a 7, • , 19 7 9 ) . 
Consequently, in addition to · increased glycogen 
rion-
breakdown, a-agonists and otherAcAMP .-mediated hormones 
like vasopressin and angiotensin can affect the other 
rate - limiting steps in the hepatic carbohydrate metabolism, 
the mitochondrial pyruvate carboxylation and the enzyme 
pyruvate kinase (Garrison, 1978; Garrison & Borland, 1979; 
Garrison e t a 7,. , 19 7 9) . The same authors have shown that 
treatment of hepatocytes with either glucagon, angiotensin, 
vasopressin or a-adrenergic agonists increases the phos-
phorylation of the same s et of 10-12 protein s in the cyto-
plasm (Garrison, 1978; Garrison e t a "l., 1979). However, 
in hepatocytes incubated with the Ca ionophore A23187 at 
concentrations producing a large influx of Ca, increased 
the phosphorylation of only 4 of the 12 protein bands 
(Garrison & Borland, 1979). This would then suggest that 
only part of the a-adrenergic, angiotensin or vasopressin 
stimulation of hepatic glycogenolysis and gluconeogenesis 
can be ascribed to a rise in cytosolic Ca . 
The receptors of a -adrenergic agonists, angiotensin 
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and vasopressin are located on the outside of the liver 
plasma membrane and the hormone-sensitive Ca stores inside 
the cell; therefore, the missing link is the putative 
messenger able to trigger the Ca release. An accumulat-
ing body of evidence sugges ts that the possible candidate 
for such a trigger may be on the level of phosphatidyl-
inositol metabolism (see Michell , 1979; Exton, 1979b). 
The other point which occupies much current interest 
is the mode of calcium action. It seems possible that Ca 
can exert its "messenger role" by binding to the calcium-
dependent regulator protein (CDR) of low molecular weight. 
More recently, the same protein was identified as the 
additional fourth subunit of skeletal-muscle phosphorylase 
kinase (Cohen, 1979). It appears that the same protein 
may be troponin C (Amphlett et al. , 1976), the CDR protein 
involved in the regulation of erythrocyte plasma membrane 
Ca-ATPase involved in the efflux of Ca from the cell 
(Jarrett & Kyte, 1979; Haaker and Racker, 1979) and the 
CDR protein of brain tissue involved in the regulation of 
high Km cyclic nucleotide phosphodiesterase (Cheung, 1971). 
Cohen (1979) and Exton (1979b) have suggested that Ca can 
bind to that protein by analogy with the binding of cAMP 
to the regulatory subunit of cAMP-dependent protein kinase. 
A CDR.Ca complex may then operate as the unique part of 
the other Ca-dependent protein kinases (see Krebs & Beavo, 
1979). 
OBJECTIVES OF THESIS RESEARCH 
In December 1976, when the work embodied in this 
thesis commenced, it was known that the intraperitoneal 
adminstration of insulin to rats led to marked 
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alterations in the ability of the mitochondria 
subsequently isolated to transport Ca. For severa l r easons , 
it was seen as important to study this problem in further 
detail. First was the potential link in this sys tem 
between the action of specific hormones and the control of 
Ca distribution in cells via the mitochondrial Ca 
transport system. Second was the potential identification 
of mitochondrial Ca transport as a target of hormone 
action in liver. Third was the potential usefulness of 
this system to study further the basic mechanism(s) 
involved in the control of mitochondrial Ca transport, 
especially in the light of knowledge that the Ca 
transporter is absent from for example yeast mitochondria, 
organelles that can be genetically manipulated (Bygrave, 
1977). 
A programme of research was undertaken that has 
involved (a) the identification of glucagon and not 
insulin as a possible causative hormone in the observed 
alterations to mitochondrial Ca transport, (b) the 
possible involvement of the redox state of NADP-NADPH in 
mitochondrial Ca retention, (c) the development of a 
perfusion technique for studying further the complexities 
of the hormone-induced altera tions to mitochondrial Ca 
transport , and (d) the study of the maturation of mito-
chondrial Ca transport in liver and the influence of 
glucagon on this at different stages of development . 
Further details on these topics are presented in the 
introductory section to each chapter. 
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CHAPTER 2 
MATERIALS AND METHODS 
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DETAILS OF ADULT ANIMALS AND INJECTION PROCEDURE 
Male Wistar strain albino rats (approx. 300 gin 
weight) were given free access to food, with a cycle of 
alternating periods of 12 h each of light and dark. Rats 
were not starved before experiments . A stock solution of 
glucagon (1 mM) was prepared by dissolving the solid 
material in 1 mM-NaOH. Appropriate amounts of glucagon 
(usually 30 µg/100 g body weight) were added to 0 . 9% NaCl 
to make 1 ml of inoculum, and injected intraperitoneally. 
An identical solution from which glucagon was omitted, was 
injected into control rats. Since glucagon increases the 
concentration of blood glucose, success of the glucagon 
action in the initial experiments was judged by measuring 
the concentration of blood glucose. For this reason, rats 
were anaesthetised with ether and blood samples taken 
using a heart puncture after a period of 1 h exposure to 
glucagon . In these experiments, blood glucose levels 
generally increased from 4. 8 ± 0 . 4 mM (n = 10) to 6 . 8 ± 0 . 3 
mM (n = 19) , following the administration of the hormone . 
Blood glucose was determined by the glucose oxidase method 
(Washko & Rice , 1961). The values for blood glucose 
represent the mean± S.E . M. , and the figures in the 
parenthesis indicate the number of experiments on which 
the measurements were made. After these initial 
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experiments, the blood sampling and the determination of 
blood glucose levels was performed only occasionally. No 
difference was found between mitochondria isolat~d from 
livers of anaesthetised or non-anaesthetised rats. After 
1 h exposure to glucagon, rats were killed by cervical 
dislocation, the livers removed and hepatic mitochondria 
prepared. When used, puromycin (4.2 mg/100 g body weight) 
was injected at the same time as glucagon in a 0.9% NaCl 
solution. 
RAT LIVER PERFUSION 
Male rats (200-300 g body weight) were anaesthetised 
with intraperitoneal sodium pentobarbitone (50 mg/k g) just 
prior to dissection. Perfusion details were essentially 
as described by Hutson et al . (1976) with the following 
changes. The perfusion medium was Krebs-Henseleit 
bicarbonate buffer and a silastic tubing oxy genator 
(Berry et al ., 1972) was included in the perfusion system. 
Rat livers were perfused at a flow rate of 5 ml/min/g wet 
weight of liver for 15 min. in situ . The right main liver 
lobe then was tied off and taken for the preparation of 
control mitochondria. Perfusion of the remaining liver 
lobes was continued for up to 20 min. during which time 
hormones or other agents dissolved in saline were 
continuously infused into the portal cannula using a 
syringe driven by an infusion pump at a flow rate of 0.5 
ml/min. 
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At the conclusion of the perfusion, mitochondria were 
prepared from the caudate and papilliform lobes. In 
control experiments in which saline was infused, . it was 
shown that mitochondria obtained from the right main lobe 
or at varyin g times later from the caudate and papilliform 
lobes exhibited essentially identical rates of Ca uptake 
and retention. 
DETAILS OF FOETAL AND NEONATAL RATS 
AND THE INJECTION PROCEDURE 
The animals used were rats of a Wistar albino strain. 
A breeding colony was established by housing two adult 
female rats with one adult male for an unrestricted period. 
Females were checked each morning by a vaginal smear for 
the presence of sperms. Fern ales that had conceived were then 
housed in separate cages. The day sperms were detected 
was determined as day one of a gestation period of 22 days 
(P.H. Reinhart, M.P. Arundel & F .L. Bygrave , unpublished 
observations). For the experiment with untreated foetuses 
1 to 3 females , matched for the same stage of pregnancy, 
were killed _by cervical dislocation and the foetuses 
removed. The crown- to -rump body len gths were measured as 
a double-check f or an indication of relative maturity . It 
was generally found that crown-to-rump body lengths of 18, 
24, 30, 36, 42, and 44 to 48mm corresponded to -5, -4, -3, -2, 
~1 days before birth and birth, respectively. 
In the experiments involving glucagon administration 
into foetuses, laparatomies were performed, with ether 
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employed as a general anaesthetic. A proportion of the 
foetuses received subcutaneous injections of 10 µg of 
glucagon dissolved in 5 µ1 of a mixture containing equal 
volumes of 1 mM-NaOH and tricaprylin oil through the 
uterine wall. Tricaprylin was· used as a vehicle because 
it was found that glucagon is most effective when 
administered as an oil emulsion (Lyons & Pitot, 1976). 
Adoption of this experimental approach enabled the control 
and treated foetuses to be of the same age and subject to 
the same maternal influences (Greengard, 1971). One h 
after injection of glucagon the mother was killed by 
cervical dislocation and the foetuses removed. The entire 
operation procedure took no longer than 10-15 min. 
The neonatal age of rats was determined by recording 
the time of birth. For single experiments the entire 
litter was used. When glucagon was injected the litter 
was split and half (usually 6) of the neonates were 
injected with 2.5 µg of glucagon/g body weight in 5 µl of 
a mixture containing equal volumes of 1 mM-NaOH and 
tricaprylin. The remainder of the neonates were injected 
in the same way with 5 µ1 of the NaOH and tricaprylin 
mixture but without glucagon . One h later, neonates were 
killed by decapitation. No difference was found between 
mitochondria isolated from livers of foetuses or neonates 
injected with 5 µ1 of the NaOH and tricaprylin mixture and 
those from livers that received saline instead of 
tricaprylin or no injection. 
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ISOLATION OF MITOCHONDRIA FROM ADULT RAT LIVERS 
The livers from rats, killed by cervical dislocation, 
were rapidly removed and plac.ed in ice-cold isolation 
medium containing 250 rnM-sucrose, 5 rnM-Hepes and 0.5 rnM-
EGTA adjusted to pH 7.4 with KOH. They were minced with 
scissors and homogenised by two passes with a glass-teflon 
tissue disintegrator (A.H. Thomas Co., Philadelphia, Pa., 
U.S.A., Size C), which was motor driven at 900 rev./min. 
The resulting suspension was made up to 80 ml with 
isolation medium and centrifuged at 900 g for 5 min. in a 
Sorvall RC-2B refrigerated centrifuge fitted with an SS-34 
rotor . The pellets were resuspended in the above medium 
and centrifuged at 800 g for 5 min. The combined super-
natants were centrifuged at 4500 g for 5 min. The mito-
chondrial pellets were washed twice with EGTA-free 
isolation medium by centrifuging at 4500 g for 5 min. and 
resuspended in this at a protein concentration of 70-100 
mg/ml. Details regarding the employment of "heavy" mito-
chondria in Ca transport studies have been presented else-
where "(Bygrave et al ., 1978b). 
ISOLATION OF MITOCHONDRIA FROM PERFUSED LIVERS 
Liver lobes were rapidly excised and placed in ice-
cold isolation medium containing 250 mM-sucrose, 5 mM-
Hepes and 0.5 mM-EGTA adjusted to pH 7.4 with KOH. They 
were minced with scissors and homogenised by two passes 
with a glass/teflon tissue disintegrator (A.H. Thomas Co., 
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Philadelphia, Pa . , U.S.A . , Size C) which was motor driven 
at 900 rev. / min. The resultin g suspension was made up to 
10% (w/ v) with isolation medium and centrifuged at 900 g 
for 5 min. in a Sorvall RC-2B refrigerated centrifuge 
fitted with an SS-34 rotor. The pellets were resuspended 
in the EGTA-free isolation medium and centrifuged at 800 g 
for 5 min. The combined supernatants were centrifuged at 
4500 g for 5 min. The mitochondrial pellets were washed 
once with EGTA-free isolation medium by centrifuging at 
4500 g for 5 min . and resuspended in this medium at a 
protein concentration of 70-100 mg/ml. 
ISOLATION OF MITOCHONDRIA FROM FOETAL 
AND NEONATAL RAT LIVERS 
The livers from foetal and neonatal rats, killed by 
decapitation, were rapidly removed and placed in ice-cold 
isolation medium containin g 250 mM-s ucrose, 5 mM-Hepes and 
0 . 5 mM-EGTA adjusted to pH 7.4 with KOH. They were minced 
with scissors and homo ge nised by hand with 10 passes in a 
Thomas Size C glass homogeniser. The resulting suspension 
was made up to 14 ml and mitochondria isolated as 
described for the isolation of mitochondria from perfused 
livers. The final mitochondrial pellet was resuspended in 
EGTA-free isolation medium at a protein concentration of 
40-50 mg/ml. 
MEASUREMENT OF MITCI-IONDRIAL PROTEIN 
Mitochondrial protein concentration was assayed by 
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the biuret method (Layne, 1957) after solubilisation with 
deoxycholate (Jacobs et al. , 1956). Corrections were made 
by non-biuret colour and turbidity by subsequent cyanide 
treatment (Szarkowska & Klingenberg, 1963). 
MEASUREMENT OF MITOCHONDRIAL Ca TRANSPORT 
Ca transport was measured generally by using 45 CaC1 2 
and the Ruthenium Red-EGTA quench technique as described 
by Reed & Bygrave (1974b, 1975b). In most of the 
experiments, mitochondria were allowed to pre-incubate in 
an isoosmotic buffer containing respiratory substrate for 
1 min. The other details about the incubation conditions 
are described elsewhere in the thesis in the legends to 
the appropriate figures. CaC1 2 (usually 100 µMand 
containing 0.5 µCi of 45 CaC1 2 , if not stated otherwise in 
the legends to the figures) was added rapidly to initiate 
the reaction. Transport of Ca was terminated by transfer-
ring at appropriate times. 100 µl of the incubation mixture 
into 100 µl of ice-cold quench medium (150 mM-KCl, 0.5 mM-
EGTA , 2 µM-Ruthenium Red) contained 1n Eppendorf centri-
fuge tubes. These were centrifuged (2 min. at 12,000 g) 
to pellet the mitochondria and 100 µl of the supernatant 
was transferred to vials containing 10 ml of scintillati on 
fl uid [6 g of butyl-PBD (5-(biphenyl)-2(4-t-butyl phenyl)-
l-oxa-3,4-diazole)/litre in toluene/2-methoxyethanol (3:2, 
v/v]. The 14 C channel of a Beckman LS-100 or LS-350 
scintillation counter was used for counting the sample for 
radioactivity . On occasions a Packard Tri-Carb 3375 
counter was used for counting the samples for radio-
activity. 
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For some experiments, the uptake of Ca by mito-
chondria was calculated from the radioactivity remaining 
on the filter after 100 µ l o f the sample of a mito-
chondrial suspension incubated with 4 5 CaC1 2 had been 
filtered on a cellulose membrane of 0.65 µm pore size 
(Millipore Corp., Massachusetts, U.S.A.). The filters 
were washed with 2 ml of the medium used for isolation of 
mitochondria and containing 0.5 mM- EGTA, and counted for 
radioactivity as above but in scintillation fluid 
supplemented with 10 % Biosolv BBS-3 (Beckman Instruments, 
Fullerton, Ca., U.S.A.). The specific activity of the 
radioisotope in each experiment was determined by counting 
an uncentrifuged or un f iltered sample. 
MEASUREMENT OF RESPIRATORY CONTROL RATIO 
Oxygen utilisation by mitochondria under the 
conditions of State 4 and State 3 respiration (Chance & 
Williams, 1956) were measured polarographically using a 
Clark - type oxy gen electrode as described by Reed (1972), 
in a medium containing SO mM - KCl, 100 mM-sucrose, 15 mM-
tris-HCl, 10 mM-KH 2 P0 4 , 2 mM-MgS0 4 , 1 mM-EDTA and 10 mM-
sodium succinate. Mitochondria were added at 1 mg/ml. 
Total volume was 2.5 ml, and the temperature was 25 °C. 
State 3 respiration was initiated by subsequent additions 
of ADP at final concentration of 120 µM. 
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MEASUREMENT OF Ca-STIMULATED RESPIRATION 
Ca-stimulated respiration was followed using a Clark-
type oxygen electrode and incubation conditions similar to 
those used for Ca transport experiments . The temperature 
was 25 °C. Ca was added at a concentration of usually 100 
nmoles/mg of protein to the re spiring mitochondria and the 
ability of mitochondria to return to the resting state was 
observed following a "calcium jump " (see Rossi & Lehninger, 
1964). 
MEASUREMENT OF MITOCHONDRIAL SWELLING 
Changes in the optical density at 520 nm (1 cm light-
path) measured with a Varian 540 spectrophotometer, were 
used to monitor changes in the mitochondrial volume. 
Incubation conditions were similar to those for studies on 
Ca transport except that non-radioactive Ca was used. The 
temperature was maintained at 25 °C . 
DEPLETION OF ADENINE NUCLEOTIDES FROM MITOCHONDRIA 
Adenine nucleotudes were depleted from mitochondria 
using the techniques of Weidemann e t al. (1970) . Mito-
chondria at a concentration of approximately 25 mg per ml 
were incubated in a medium containing SO mM-phosphate 
buffer (pH 7 . 4) , SO mM-sucrose and S mM-MgC1 2 for 2 .5 min . 
at 25 °C. Depletion was terminated by centrifuging the 
incubation mixture for S min. at 4500 g. The mito-
chondrial pellet was washed once in an ice-cold solution 
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containing 250 mM-sucrose, 5 mM-Hepes and 0 . 5 mM-EGTA (pH 
7.4 with KOH) and then twice in the same medium but free 
of EGTA . The pellet was resuspended in this medium and the 
mitochondrial protein content determined; this was 
approximately 80 mg/ml. 
ADENINE NUCLEOTIDE RELEASE 
Samples of the mitochondrial suspension containing 
approximately 200 mg of protein were pre-incubated with 
5 µCi[ 3 H]-ADP for 90 min. on ic e , th en wa s hed twice (see 
Spencer & Bygrave, 1972) . Incubation conditions were 
similar to those used for Ca transport experiments at a 
temperature of 25 °C. Adenine nucleotide release was 
initiated by adding CaC1 2 and terminated by centrifuging 
200 µl of samples taken at the appropriate times (see 
figure legends). Aliquots of the supernatants were then 
transferred to scintillation fluid and counted. 
ADENINE NUCLEOTIDE EXCHANGE 
Adenine nucleotide translocation was measured using 
the "forward exchange" technique as described by Spencer & 
Bygrave (1972) . The incubation medium contained 230 mM-
sucrose, 5 mM-KCl, 5 mM-Hepes (pH 7. 4 with KOH) . The 
temperature was 4 °C . The mixture of 2 ml final volume 
was allowed to pre - incubate for 1 min . with mitochondria 
at a concentration of 2 mg/ml. After that, 200 µM-ADP 
(containing 0.2 µCi of [ 3 H]-ADP) was added to the 
incubation medium to initiate the reaction . Adenine 
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nucleotide exchange was terminated by transferring 150 µ1 
of the incubation mixture at appropriate times into 150 µ1 
of ice-cold incubation medium supplemented with 200 µM-
atractyloside. These were centrifuged to pellet the mito-
chondria, the supernatants removed carefully by aspiration, 
and 250 µ1 of incubation .medium supplemented with 
atractyloside added to wash the pellets. The samples were 
then centrifuged for 30 sand the supernatants removed. 
Pellets were then dissolved by adding 250 µ1 of Biosolv 
BBS-3 and transferred quantitatively to 10 ml of 
scintillation fluid and counted. Zero time controls were 
performed by adding the appropriate amount of mito-
chondrial protein to a mixture containing incubation 
medium , 100 µM-plus atractyloside plus 200 µM-ADP. This 
was centrifuged and washed as above. 
MEASUREMENT OF THE PYRIDINE NUCLEOTIDE CONCENTRATION 
NAD and NADP concentrations in the mitochondria were 
determined by a fluorometric technique following their 
extraction with perchloric acid (Klingenberg, 1974), and 
using a Zeiss spectrofluorimeter . Because NADH and NADPH 
are unstable at acid pH, they were extracted under 
alkaline conditions with 1 M alcoholic KOH. The mixtures 
were then heated for 5 min. at 90 °C to destroy NAD and 
NADP, followed by cooling and adjusting of the pH to 7.8. 
A mixture of a-oxoglutarate, NH 4 Cl and glutamate 
dehydrogenase was then added to convert NAD(P)H to NAD(P). 
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After allowing this to stand for 15 min. at room 
temperature, 0.2 ml of 3M perchloric acid/ml of extract 
was added and the mixture centrifuged to remove denatured 
protein. The extract was finally adjusted to pH 7.2 with 
1 M-KOH. The measured values of NAD and NADP in these 
extracts were equated with the concentration of NADH and 
NADPH in the original samples. 
MEASUREMENT OF INORGANIC PHOSPHATE CONTENT OF MITOCHONDRIA 
50 µl of the freshly-isolated mitochondria were mixed 
with 1.5 ml of 10 % trichoroacetic acid, and allowed to 
stand on ice for 10 min. The samples were then centri-
fuged to pellet the proteins and phosphate determined in a 
supernatant by the methods of Baginski et al. (1967) with 
the modification of Dulley (1975) . 
MEASUREMEN T OF CALCIUM CONTENT OF MITOCHONDRIA 
1 ml of mitochondrial suspension (1:10, v/v with 
distilled water) was mixed with 0 .1 ml of 11 ~l -HC10 4 and 
the denatured protein removed by centrifugation (1500 g 
for 5 min .). The Ca contept of the s upernatant fluid was 
determined using a Perkin-Elmer atomic absorption spectro-
photometer (Model 603). 
MEASUREMENT OF ADENINE NUCLEOTIDE 
CONCENTRATION IN MITOCIIONDRIA 
Adenine nucleotides were extracted from the freshly-
isolated mitochondria with 1 M-HC10 4 (1:1 , v/v). The 
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s uspension which was supplemented with oligomycin (1 µg/mg 
of protein) was vigorously mixed and left on ice for 30 
min. After that, proteins were removed by centrjfugation 
and supernatants pipetted into a test tube containing 10 
µl of Universal indicator and 100 µ1 1 M-Hepes. The 
samples were then neutralised with 2 M-KOH, and centri-
fuged to pellet KC10 4 • Adenine nucleotides were then 
determined enzymatically in the neutral mitochondrial 
extract . ATP was determined using the method of Lamprecht 
& Trautschold (1974) and ADP and AMP were determined by 
the method of Jaworek et al. (1974) . 
MEASUREMENT OF THE COMPONENTS OF THE PROTONMOTIVE FORCE 
The protonmotive force was determined by using the 
10n distribution techniqu e of Nicholls (1974) . The 
incubation me<.lium contained 150 rnM-LiCl, 0.5 mM-Hepes (pH 
7.4 with Tris), S mM-sodium succinate, 10 µM- 86 RbCl (0 .1 2 
µCi /ml), SO µM-[ 14 C] methylamine (0.3 µCi/ml), SO µM-
sodium 3 [H] acetate (1 . 2 µCi/ml), 1 µM- rotenone and 0.5 
µM-va linomycin. The scintillation fluid contained 6 g of 
butyl PBD (S -(biphenyl)-2-(4-6-butylphenyl)-l-oxa-3,4 -
diazole) /l itre in toluene/2-methoxyethanol (3 : 2 , v/v) 
containing 10 % Biosolv BBS-3 (Beckman Instruments, 
Fullerton, Ca ., U.S.A.). Radioactivity was counted by 
using three channels of a Beckman LS - 350 or Packard Tri-
Carb scintillation counter. Corrections were made for 
cross-over and background. The three discriminator 
control settings were s uch that cross-overs of 21 and 3.6 % 
were allowed from the 32 P channel into the 14 C and 3H 
channels respectively, and 26.8% allowed from the 14 C 
channel into the 3H channel . The components of 6p were 
calculated exac tly as described by Nicholls (1974) . A 
limiting matrix volume of 0.4 µ1/mg of mitochondrial 
protein was used for the calculations, as assumed by 
Nicholl s (1974) and Mitchell & Moyle (1969). 
REDOX STATE OF NICOTINAMIDE ADENINE NUCLEOTIDES 
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Changes in absorbance of mitochondrial nicotinamide 
adenine nucleotides were measured with an Aminco-Chance 
spectrophotometer using the dual-wavelength technique and 
the wave l ength pair of 340-370 nm (Chance, 1951). The 
incubation medium used was similar to that employed by 
Lehninger e t a l. (1978c). Contained in a final volume of 
2.5 ml were: 130 mM-sucrose, 65 mM-KCl, 3 mM-Hepes, 5 mM-
MgC12 , 0.2 mM-Pi, 4 µM-rotenone, 1 mM-sodium succinate and 
3. 5 mg of mitochondrial protein . The temperature was 25 °C 
and the pH 7 . 2 . CaC1 2 (300 nmol) was added and 1 min. 
later oxidation of nicotinamide adenine nucleotides was 
initiated by the addition of 1250 nmol of sodium oxalo-
acetate . Nicotinamide adenine nucleotide oxidation was 
monitored spectrophotometrically for up to 6 min . 
CHEMICALS 
All radiochemicals used were obtained from the Radio-
chemical Centre, Amersham , Bucks ., U.K. Glucagon, 
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puromycin dihydrochloride, epinephrine, phenylephrine 
hydrochloride, propranolol and phenoxylbenzamine were all 
from Sigma Chemical Co., St. Louis, Mo., U.S.A. Other 
chemicals used were . of analytical grade. 
REPRODUCIBILITY AND STATISTICAL TREATMENT 
Unless indicated otherwise, all experiments were 
usually carried out three times and sometimes more often 
with a high degree of reproducibility . Unless indicated 
otherwise, one representative experiment is shown . For 
statistical treatment of the results the data from a 
sufficient number of independent experiments are used and 
are reported as a) the mean value, b) standard deviation 
(S .D.) or the standard error of the estimate of mean value 
(S.E.M .), and c) the number of experiments the measure-
ments were made. When significance is claimed Student'~ 
t test was used. 
CHAPTER 3 
STABLE ENHANCEMENT OF CALCIUM RETENTION IN 
MITOCHONDRIA ISOLATED FROM RAT LIVER AFTER THE 
ADMINISTRATION OF GLUCAGON TO INTACT ANIMALS " 
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SUMMARY 
Mitochondria isolated from rat liver by centrifuga-
tion of the homogenate in buffered iso-osmotic sucrose at 
between 4000 and 8000 g-min., 1 h after the administration 
in vivo of 30 µg of glucagon/100 g body weight, retain Ca 
for over 45 min . after its addition at 100 nmol/mg of 
mitochondrial protein in the presence of 2 rnM-Pi . In 
similar experiments, but after the administration of 
saline (0.9 % NaCl) in place of glucagon, Ca is retained 
for 6-8 min . The ability of glucagon to enhance Ca 
retention is completely prevented by co-administration of 
4.2 mg of puromycin/100 g body weight. 
The resting rate of respiration after Ca accumulation 
by mitochondria from glucagon-treated rats remains low by 
contrast with that from saline-treated rats. Respiration 
in the latter mitochondria increased markedly after the Ca 
accumulation reflecting the uncoupling action of the ion . 
Concomitant with the enhanced retention of Ca and low 
rates of resting respiration by mitochondria from 
glucagon-treated rats was an increased ability to retain 
endogenous adenine nucleotides. 
An investigation of properties of mitochondria known 
to influence Ca transport revealed a significantly higher 
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concentration of adenine nucleotides but not of Pi in 
those from glucagon-treated rats . The membrane potential 
remained unchanged, but th e transmembrane pH gradient 
increased by approximately 10 mV, indicating increased 
alkalinity of the matrix space. 
Depletion of endogenous adenine nucleotides by Pi 
treatment in mitochondria from both glucagon-treated and 
saline-treated rats led to a marked diminution in ability 
to retain Ca . The activity of the adenine nucleotide 
translocase was unaffected by glucagon treatment of rats 
&n vivo . 
Although the data are consistent with the argument 
that the Ca-translocation cycle 1n rat liver mitochondria 
1s a target for glucagon action &n vivo , they do not 
permit conclusions to be drawn about the molecular 
mechanisms involved in the glucagon-induced alteration to 
this cycle. 
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INTRODUCTION 
After observations made earlier in this century that 
certain hormones are capable, for example, of enhancing 
absorption of Ca into tissue s (see references in Kimberg & 
Goldstein, 1966), hypotheses have been enunciated linking 
the action of these hormones with the intracellular 
redistribution of this ion. Particularly prominent among 
these views are those that have exploited the possible 
involvement of mitochondria in the hormone-induced 
redistribution of intracellular Ca (see Kimberg & 
Goldstein, 1966; Rasmussen, 1966); these views have 
evolved from knowledge that mitochondria possess the 
ability to readily sequester and release Ca (reviewed by 
Lehninger et al. , 1967; Bygrave 1978a). 
During the last decade, knowledge both of the 
mechanism of action of hormones (see Exton & Park, 1972; 
Nimmo & Cohen, 1977; Rasmussen & Goodman, 1977) and of 
the mechanism of mitochondrial Ca transport (see recent 
reviews by Baker, 1976; Carafoli & Crompton, 1976; Mela , 
1977; Bygrave, 1977, 1978a; Chapter 1) has greatly 
expanded, and this newly acquired information recently has 
led in part to a revival of the idea that mitochondrial Ca 
transport is a target for hormone action in vivo . It was 
thus shown that administration of insulin (Dorman et al ., 
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1975) or of glucagon (Yamazaki, 1975; Hughes & Barritt, 
1977) into rats induced an altered expression of Ca 
transport in the mitochondria subsequently isolated from 
liver. Kimura & Rasmussen (1977) confirmed and extended 
some of the findings of Kimberg & Goldstein (1966, 1967) 
in that administration of dexamethasone into rats also 
altered the ability of mitochondria in vitro to transport 
Ca . These collective observations are especially 
significant in that although the alterations to Ca 
transport are induced &n vivo, they are sufficiently 
stable as to be found in vitro . Thus the possibility is 
enhanced for detecting the molecular changes in isolated 
mitochondria that have resulted from the action of the 
hormone in vivo . 
In examining the hormon e specificity of the effects 
of insulin on mitochondrial Ca transport made in this 
laboratory (Dorman et al ., 1975), Hughes & Barritt (1977, 
1978) observed significant retention of Ca by rat liver 
mitochondria after the administration in vivo of glucagon . 
Because the mechanisms of action of glucagon and insulin 
are closely interlocked (see Exton & Park, 1972) these 
findings raised the possibility that the previously 
observed effects (Dorman et al ., 1975) were attributable, 
not to the direct action of insulin, but rather to that of 
glucagon, whose plasma concentration may have been 
perturbed as a result of the sudden increase in plasma 
insulin. The present chapter describes experiments that 
attempt to further knowledge about the mechanism by which 
glucagon administration in vivo leads to an increased 
ability of liver mitochondria to retain high 
concentrations of Ca for prolonged periods especially in 
the presence of Pi. Many of the ob se rvations made are 
indeed similar to those previously made with insulin-
challenged rat liver (Dorman et al. , 1975). 
RESULTS 
Ca retention in mitochondria isolated 
from glucagon- treated rats 
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Recent work from this laboratory has provided 
evidence that Ruthenium Red-sensitive Ca transport in rat 
liver mitochondria is enriched in mitochondria that 
sediment in buffered iso-osmotic sucrose at relatively low 
centrifugation forces (Bygrave et al. , 1978b). For this 
reason, all of the experiments to be reported in this work 
were carried out with mitochondria that had been isolated 
1n a manner th at permitted enrichment of these relatively 
"heavy" mitochondria (see Chapter 2) . 
Data in Fig . 3 .1 show how the ability of rat liver 
mitochondria to retain Ca, changes after the administra-
tion of glucagon to r ats . The data confirm the findings 
of Hughes & Barritt (1977, 1978) that glucagon administra-
tion, like ins ul in administration (Dorman et al. , 1975), 
induces mitochondria to retain Ca. Our data extend this 
information to show that the period of retention of Ca can 
occur for up to at least 45 min. with the "heavy" mito-
chondria following the accumulation within 10 s of 90 nmol 
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Fig . 3.1: Ability of liver mitochondria to retain high concentrations 
of Ca in the pr esence of Pi following the intraperitoneal 
administration of glucagon to rats . 
Rats were injected with glucagon (30 µg /100 g body weight) in the 
absence (• ) and presence (~) of puromycin (4 . 2 mg/100 g body weight) . 
After 1 h the mitochondria were isol ated, and then their ability to 
r et ai n accumulat ed Ca was compared with mitochondria from control 
animals, i.e . those which had been i nj ected with 0.9% saline only (o). 
Ca retention wa s measured as de scribed in Chapter 2. The reaction 
medium contained in a total volume of 2.0 ml: 230 mM-sucrose, 10 mM-
KCl, 5 mM-1-lepes, 5 mM-sodi.um succinate, 1 µM-rotenone, 2 mM-Pi, 
200 nmol 45 Ca and 2 mg of mitochondrial protein. The pl-! was 7 . 4 and 
the t emperature 25 °C. 
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Ca/mg of protein in the presence of 2 mM-Pi . With mito-
chondria isolated from liver homogenates at between 
approximately 20,000 gmin . and 100,000 gmin., i.e., a 
commonly-employed mitochondrial preparation, similar Ca 
concentrations were retained for only about 10 to 12 min.; 
for control mitochondria isolated in this way, Ca was 
retained for on 1 y approximately 1 min. ( data not 
presented). These data thu s confirm the observations of 
Bygrave et al. (1978b) that mitochondria from rat liver 
display considerable heterogeneity in their ability to 
accumulate and retain Ca. 
In the experiment s hown in Fig . 3.1, the control 
preparation of mitochondria (i . e. that obtained after 
injection of 0.9% saline alone), Ca was accumulated within 
10 s but thereafter was released into the suspending 
medium , slowly durin g the initial 4 min . but most rapidly 
between 6 and 8 min. Co-injection of puromycin with the 
g luca gon led to a similar pattern of Ca transport as that 
of the control . Earlier, Hughes & Barritt (1977, 1978) 
had shown that co-injection of cycloheximide prevents the 
glucagon-induced effect on mitochondrial Ca transport. 
These data thu s s tron gl y endorse the likelihood that 
some aspect of protein turnover is involved in the 
sequence of events that take place between administration 
of the hormone and it s tar get of action on mitochondrial 
Ca transport (see also Dorman et al. , 1975). 
Stimulation by Ca of succinate oxidation in mitochondria 
isolated from livers of glucagon- treated rats 
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The ability of Ca to stimulate mitochondrial 
respiration is well documented (Rossi & Lehninger, 1964; 
Chance , 1965). Data in Fig . 3.2 show that immediately 
following the addition of Ca to mitochondria from control 
rats , an immediate increase in respiration occurred 
reflecting accumulation of the ion (Rossi & Lehninger, 
1964). This ceased after approximately 10 s, when the 
rate of respiration returned to the original "resting" 
rate. Soon afterwards, however , the rate of respiration 
increased to be near-maximal after about 3 min. (curve C) . 
By contrast, the resting rate of respiration 
following Ca accumulation in mitochondria from glucagon-
treated rat s remained low until anaerobiosis was attained 
approximately 10 min. later (curve A). The effects 
induced by glucago n again were abolished when puromycin 
was co-administered with the glucagon (curve B) . 
Knowing that a lo ss of accumulated Ca (Fig . 3 . 1) and 
an increase in the resting rate of respiration (Fig . 3 . 2), 
reflect th e uncouplin g of Ca (Rossi & Lehninger , 1964; 
Chappell & Crofts, 1965; Bygrave & Reed , 1970) , and that 
release of adenine nucleotides accompanies such action 
(Ernster , 1956; Out e t al ., 1971), we determined if 
adenine nucleotides were, by contrast, retained by mito-
chondria i s olated from liver s of rats treated with 
glucagon in vivo . Data in Fig . 3 . 3 show first , that this 
indeed was so and second , that the effect of glucagon 
60 s 
T 87 ngatom I of oxygen 
Fig. 3.2: Ability of Ca to stimulate the oxidation of succinate in 
mitochondria obtained from the livers of rats pre-injected with 
glucagon . 
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The reaction medium 1vas i.dentical with that used in the 
experiments of Fig . 3.1. Oxygen uptake was measured polarographically 
with mitochondria isolated from liv rs of rats pre-injected with 
30 µg of glucagon/100 g body weight in the absence (curve A) or 
presence (curve B) of 4.2 mg of puromycin/100 g body weight or pre-
injected with 0.9% NaCl only (curve C). The additions made were: 
(a) 2 mg of mi tochondrio l protein; (b) 1 µM-rotenone; (c) 5 mM-
sodium succinatc; (d) 100 µ~ I-Ca . The volume, temperature and pH were 
2 .0 ml, 25 °C and 7.4, respectively. 
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Fig. 3.3: Release from liver mitochondria of adenine nucleotides 
induced by Ca after pre-injection o.f glucaqon into rats . 
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Mitochondria, isolated from livers of rats pre-injected with 30 µg 
glucagon/100 g body weight in th e absence (• ) or presence (6) of 
4.2 mg of puromycin/100 g body weight or pre-injected with 0. 9% saline 
only (o) , were preloaded with [ 311]-ADP as described in Chapter 2 . The 
incubation condition s und er which release of adenine nucl eotides were 
measured were identical to those described i n Fig . 3. 1. Release was 
i nitiated by th e addition of 100 µ~I Ca. Aliquots of the incubation 
mixture were rapidly transferred to Eppendorf centrifuge tubes and 
immediately centrifuged . i\liquots of th e supernatant were then 
counted for radioactivity by liquid scintillation. 
administration is prevented when puromycin is co-
administered with the hormone. 
Effect of adenine nucleotide depletion on the 
ability of rat liver mitochondria to retain Ca 
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The potential involvement of adenine nucleotides in 
Ca retention by mitochondria implied by the information 
gained above, prompted a s tud y of Ca transport by mito-
chondria depleted of their adenine nucleotide s . The 
method of Weidemann et al . (1970) employing the incubation 
of rat liver mitochondria with 50 mM-Pi for a short 
interval (see Chapter 2) was applied to deplete mito-
chondria of their endogenous adenine nucleotides. 
Data in Table 3 .1 show the adenine nucleotide content 
of rat liver mitochondria obtained from control and 
glucagon-challenged rats as well as that in similar mito-
chondria depleted of their adenine nucleotides. The 
values obtained for the adenine nucleotide content of 
control mitochondria before and after Pi-induced adenine 
nucleotide depletion, compare very favourably with data 
reported by Weidemann et al . (1970); approximately 50 % of 
the endogenous adenine nucleotides are removed by this 
procedure. 
The data reveal 1n addition, however, that a 
significant increase (approx. 65 %) in adenine nucleotide 
content has occurred in rat liver mitochondria following 
60 min. exposure of the animal to elevated plasma glucagon ; 
approximately 50 % of the adenine nucleotide content in 
Table 3 .1 : Effect of gl ucagon t reatment on mitochondrial adenine nuc leotide and Pi content 
~Ii tochondria 
Control 
Control, but depleted of 
adenine nucleotides 
Glucagon-treated 
Glucagon-treated, but 
depleted of adenine 
nucleotides 
ATP 
(µ mol/ g of 
protein) 
2.0 ± 1.6 (11) 
1.6 ± 1.0 (7) 
2 . 8±0.9 (7) 
2 . 6 ± 1.2 ( 5) 
ADP 
(µmol / g of 
protein) 
7.9 ± 2.0 (11) 
3. 6 ± 1.0 (7) ** 
14.5 ±2.3 (7) * 
8.0 ± 2.2 (5)** 
AMP 
(µmol / g of 
protein) 
4 . 5±0.6(11) 
2 .0 ± 1.2 (7) ** 
6.9±1.2 (7) * 
2.2 ± 0.6 (5) ** 
Total adenine 
nucleotides 
(µmol/g of 
protein) 
14.8±2.0 (11) 
7.3 ±2.7 (7) ** 
24. 3 ± 2. 0 (7) * 
12.8 ± 2 . 3 (5)** 
Pi 
(nmol/mg of 
protein) 
11.4 ± 3.9 (8) 
13.7±5.3 (5) 
14.1 ± 2.6 (9) 
20. 7 ± 6. 2 (5) 
Glucagon (3Q µg/100 g body weight) was injected 1 h prior to the isolation of liver mitochondria . Control 
animals were injected with an equal volume of 0.9% saline. A portion of mitochondria was used for depletion 
of adenine nucleotides and the total adenine nucleotides and Pi determined as described in Chapter 2. The 
data represent the mean ±S . D. * P<0.0005, glucagon-treated against control; ** P<0.0005 mitochondria 
depleted of adenine nucleotides against those not depleted. 
°' N 
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these mitochondria is depleted following treatment with Pi. 
The Pi content also was determined in these mito-
chondrial preparations. That of mitochondria from control 
and glucagon-treated rats is similar but Pi treatment 
leads to signif~cantly elevated concentrations in both 
sets of mitochondria. Thus the ratio of adenine nucleo-
tides to Pi is lowered in mitochondria as a result of both 
elevated Pi, and decreased adenine nucleotide content. 
Data in Fig . 3.4 reflect the ability of mitochondria 
from livers of control and glucagon-treated rats, depleted 
of their endogenous adenine nucleotides, to retain 
accumulated Ca. In this experiment, which was one of 
several that gave similar results, liver mitochondria from 
control animals accumulated only 60 nmol Ca/mg of protein 
and began releasing this immediately. The small amount of 
Ca accumulated by control mitochondria depleted of adenine 
nucleotides, was released even more rapidly (Fig. 3.4). 
In contrast, liver mitochondria from rats treated 
with glucagon exhibited a high capacity for Ca retention 
even after depletion of their endogenous adenine nucleo-
tides (Fig. 3 .4 ) . In the latter situation, the bulk of 
the Ca was retained for up to 14 min . before being rapidly 
released within the next 2 to 4 min . 
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Fig. 3. 4: Effect of adenine nucleotide depletion on Ca transport by 
liver mitochondria isolated from glucagon- and saline-injected 
rats. 
Mitochondria, isolated from rats injected with 30 µg of glucagon/ 
100 g body weight or with 0.9% saline, were depleted of adenine 
nucleotides as indicated in Chapter 2. Ca transport in the presence 
of 2 mM-Pi 1vas th en measured in both adenine nucleotide-depleted 
(open-symbols) and non-depleted ( closed symbols) mitochondria . Mi to-
chondria isolated from saline-injected rats (• , o); mitochondria 
isolated from glucagon-injccted rat s (• , 6) . 
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Measurement of the protonmotive force and r espiratory 
behaviour and their r elation to Ca r etention in liver 
mitochondria from control and glucoqon- treated rats before 
and after depletion of endogenous adenine nucleotides 
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Data in Tables 3 . 2 and 3.3 amplify tho se 1n Table 3.1 
and Fig. 3.4 in that they show the value s obtained for the 
membrane potential and the tr ansmembrane pH gradient 
(Table 3.2) as well as for the respiratory behaviour 
(Table 3 . 3) . It is clear that little significant change 
in the membrane potential occurs either as a result of the 
glucagon treatment in vivo or of adenine nucleotide 
depletion, but that a significant increase of about 10 mV 
in the transmembrane pH gradient occurs as a result of the 
glucagon treatment . 
The transmembrane pH gradient is little affected by 
adenine nucleotide depletion . Such depletion reduces 
slightly the value for the acceptor control ratio which in 
turn is slightly greater in live r mitochondria from 
glucagon-treated animal s . This is mainly due to the 
slight increase in ADP-stimulated respiration 1n mito-
chondria from glucagon-treated animals (Table 3.3) as 
found previously (Yamazaki, 1975; Titheradge & Coore, 
1976b) . Table 3.2 finally presents data, compiled from a 
number of experiments , about the average time of r eten tion 
of Ca by the mitochondria. It is clear that despite the 
existence of a normal protonmotive force in the mito-
chondria from control rat s depleted of adenine nucleotides , 
they have only minimal ability to retain accumulated Ca. 
Table 3.2: The effect of adenine nucleotide depletion on Ca retention and on the components 
of the protonmotive force in liver mitochondria from animals treated with glucagon 
Time of Ca 
Mitochondria Membrane Transmembrane Protonmotive retention by potentia l pH gradient force mitochondria 
(mV) (mV) (mV) - (min) 
Control 152.05 ±2 .14 (4) 82 . 25 ±3 .50 (5) 234. 22 ± 3 . 91 (4) 7.5 ± 3. 1 (13) 
Control, but depleted of 149.27 ±3 .1 7 (4) 85.3 ± 0. 80 ( 4) 234 .57 ± 2.44 (4) 0.70 ±0 .74 C 5) 
adenine nucleotide s 
Glucagon 154. 32 ± 2 . 43 (5) 90.02 ± 1.51 (5)* 244.30 ±2 .86 (5) 30 - > 40 (20) 
Glucagon-treated, but 
depleted of adenine 154.37 ± 6.05 (4) 90.05 ±2 . 77 (4) 2 44 . 9 0 ± 7 . 7 8 ( 4) 20 ± 2. 5 (4) 
nucleotides 
Glucagon (30 µg/ 100 g body weight) was injected into rats 1 h before isolating the liver mito-
chondria. Depletion of adenine nucleotides and measurement of the components of the protonmotive force 
were determined as described in Chapter 2 . The data represent the mean ±S.D. Figures in parentheses 
indicate the number of experiments on which the measurements were made. * P < 0.005, glucagon against 
control. 
°' 
°' 
Table 3.3: The effect of adenine nucleotide deple t ion on r espiration of 
mitochondr ia isolated f r om control and glucagon- t r eated rats 
Mitochondria 
Control 
Control, but depleted of 
adenine nucleotides 
Glucagon-treated 
Glucagon-treated, but 
depleted of adenine 
nucleotides 
State 4 respiration 
ngatom oxygen/min/mg 
of protein 
37.8 ± 2 . 0 (7) 
46.2 ± 2.9 (5) * 
42 . 6 ± 3. 5 ( 8) 
41.0 ± 3.2 (8) 
State 3 respiration 
ngatom oxygen/min/mg 
of protein 
20 3 . 2 ± 12 (7) 
135. 9 ± 16 (5) ** 
l:::. 
248.1 ±17 (8) 
191.5 ±23 (8)* 
Acceptor control ratio 
5.5±0.5 (7) 
3.0 ± 0.3 (5)** 
6.0±0.5 (8) 
4.5 ±0. 4 (8) * 
Glucagon (30 µg/100 g body weight) was injected into rats 1 h before isolating the liver mito-
chondria. Depletion of adenine nucleotides and measurement of respiratory activity of mitochondria 
utilising succinate as the respiratory substrate, were determined as described in Chapter 2 . The data 
represent the mean ±S . E. ~1. Figures in parentheses indicate the number of experiments on which the 
measurements were made. Acceptor control ratio is (rate of respiration in the presence of ADP)/(rate 
of respiration in the abs ence of ADP) . * and l:::. P < O. 005; ** P < O. 01; * and ** mito chondria depleted 
of adenine nucleotides agains t tho se not depl et ed; l:::. glucagon-treated mitochondria against control. 
°' -...J
Ca retention in liver mitochondria isolated from 
control and glucagon- treated rats using ascorbate 
plus NNNN ' - tetramethyl- p- phenylene- diamine as 
r epiratory substrate 
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Yamazaki (1975) ha s reported that glucagon can 
s timulate State 3 re spira tion in mitochondria utilising 
NADH-linked s ubstrate s and succ inate, but not when 
respiring on ascorbatc plus NNNN ' -tetramethyl-p-phenylene-
diamine. Titheradge & Coore (1976b) have on the other 
hand reported an increa se in the tran s membrane pH gradient 
in mitochondria utili sin g ascorbate plus NNNN '-tetramethyl-
p-phenylene-diamine. Data in Fig . 3 . 5 show th a t glucagon-
treated mitochondria retain Ca for about 2.5 times longer 
than sa line - treated mitochondria . Ca retention times for 
both t ypes of mitochondria were con s iderabl y s horter as 
compared to the situation where s uccinate was used to 
genera t e energy (Fig . 3 .1, and see Chapter 4). 
Adenine nucleotide translocation in mitochondria 
from glucagon- treated rats 
In li ght of the above fi ndin gs , it was pertinent to 
examin e next th e aspects of adenine nucleotide trans-
loc a tion. Data in Table 3 .4 show that concomitant with 
th e increase in total ade n i ne nucleotide s in mi tochondria 
following g lucagon trea tment in vivo ( see Table 3 .1 ) , the 
proportion of ex chan geab l e adenine nucl eotides remains at 
approximately 60% . How ever , the rate of adenine nucleo-
tid e tran s lo ca tion is not very different between the two 
se t s of mito c hondri a . 
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Fig. 3.5: Ability of glucagon pretreated mitochondria to retain Ca 
in the pr esence of' Pi with ascorbate plus NNNN '- tetramethyl- p-
phenylene- diamine as respiratory suhstrate . 
Rats were injected with glucagon (30 µg/ 100 g body weight) (• ) . 
10 
1 h later, mitochondria were isolated and their ability to retain 
accumu l ated Ca compared with mitochondria from saline-treated animals 
(O) . Ca retention was measured under simi l ar conditions to those 
described in the l egend to Fig. 3.1, except _ that 2 mM-ascorbate + 0.2-
n~ NNNN ' -tetramethyl-p-phenylene-diamine were used a~ the respiratory 
substrate , and that Ca transport was initiated by the addition of 
NNNN ' -tetramethyl-p-ph nylene-diamine . The pH was 7.4 and the 
temperature 25 °C. 
Table 3.4: The effect of glucagon treatment on adenine 
nucleotide translocation in mitochondria 
Total adenine 
nucleotides* 
Total adenine 
nucleotides 
exchanged 
Rate of 
transport 
70 
(nmoles/mg 
of protein) (nmoles) 
(nmol/min mg 
of protein) 
Control 
mitochondria 
Glucagon-treated 
mitochondria 
14.8 ±2 .0 
24. 3 ± 2. 0 
9.87±1.30 11.43 ± 0.39 
14.0 ± 1.11 12.06 ±0.33 
Adenine nucleotide translocation was measured in the presence of 
200 µM ADP as described in Chapter 2. The values shown represent the 
mean ±S . D. from three independent experiments obtained from triplicate 
measurements. * Data from Table 3.1. 
Ca reten t ion in liver mitochondria isolated 
from control and glucagon- treated rats but 
pr e-incubated with N- ethylmaleimide 
Bygrave e t al. (1977) and Ramachandran & Bygrave 
(1978) recently have shown that liver mitochondria pre-
incubated with N-ethylmaleimide quickly release Ca soon 
after it has been accumulated. It was of interest there-
fore to determine if glucagon treatment in vivo could 
prevent this N-ethylmaleimide-induced release of Ca . 
Data in Fig . 3.6 show that the spontaneous efflux of 
Ca occurred in equal extents 1n both mitochondria from 
control rats (cf. Bygrave et a l., 1977; Ramachandran & 
Bygrave, 1978) and those £ram gl ucagon- treated rats. 
DISCUSSION 
The experiment s reported 1n this chapter clearly 
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Fig. 3 .6: Inohility of mitochondr ia f rom livers of glucagon- t reated 
rats to r etain Ca f ollowing pre- incubation of N- ethy lmal eimi de . 
The experimental conditions and procedure were identical to those 
described in rig. 3.1, except that prior to initiating the reaction 
with ~5 Ca, 200 nmol of N- ethylmaleimide/mg of protein were added with 
(~) or without (o ), 5 µg of oligomycin/mg of protein. For comparison 
with arlier experiment s , 2 mt-I-Pi wa s added (• ) but without 
N-et hylmaleimide or oligomycin. 
Fig. 3.6(a), th e rat was injected with 0.9% saline; 
Fig. 3.6(b), the rat was injected with 30 µg glucagon/ 100 g body 
weight. 
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establish that the intraperitoneal administration of 
glucagon to male rats induces a change in the Ca-cycling 
properties of the mitochondria subsequently isolated from 
the liver . The changes are such that the time for which 
the 10n 1s retained by the mitochondria, after its 
accumulation, is con side rably enhanced. In this respect, 
the data confirm the reports of Hughes & Barritt (1977, 
1978). However, in the present work, retention times 
always exceeded by several-fold those observed by these 
authors, a feature no doubt attributable to the recent 
finding in our laboratory that mitochondria isolated from 
liver at relatively low centrifugation forces are enriched 
in their ability to transport and retain Ca (Bygrave et 
al. , 1978b). 
Because the g lucagon-induced perturbation to mito-
chondrial Ca-cycling as seen here is qualitatively similar 
to that observed previously after insulin administration 
in vivo (Dorman et al. , 1975), the question arises as to 
which hormone is primarily responsible for the observed 
changes in Ca retention. Although the experiments 
conducted in the present work were not aimed at providing 
direct answers to thi s specific question, the report of 
Hughes & Barritt (1978) suggests that glucagon action 
plays a prominent role. Particularly good evidence, for 
example, is provided by the fact that perfusion of rat 
liver with media containing glucagon, but not insulin, 
induces mitochondrial Ca retention (Hughes & Barritt, 
1978). Consistent with this conclusion is the finding of 
73 
Waltenbaugh & Friedmann (1978) that the perfusion of rat 
liver with glucagon, but not insulin, enhances the ability 
of the microsomal fraction to transport Ca; 
report of Bygrave & Tranter (1978). 
see also the 
Quite marked chan ges in a number of properties 
exhibited by rat liver mitochondria as measured in vitro 
now are known to occur in response to a challenge with 
glucagon in vivo. Systems in which the challenges have 
been examined include the increase in plasma glucagon by 
intravenous (e.g. Yamazaki, 1975) or intraperitoneal 
injection (e.g. Hughes & Barritt, 1978; the present work), 
the addition of the hormone of the circulating medium of 
perfused liver (e . g . Hughes & Barritt, 1978) and/or the 
incubation of hepatocytes with the hormone (e . g . Siess et 
al ., 1977) . Apart from this possible action on a number 
of steps in the gluconeogenic pathway (reviewed by Siess 
et al. , 1977), glucagon also induces a redistribution of 
certain metabolites and ions between the mitochondria and 
cytoplasm . Although it is not possible yet to distinguish 
primary from sec ondary events with the data currently 
available, some of these changes could well have some 
influence on Ca cycling by mitochondria . 
The present work showed that the driving force for Ca 
transport (the membrane potential) was unaffected both by 
glucagon administration 1n vivo and by nucleotide 
depletion, suggesting that it contributes little to the 
observed changes in Ca retention. On the other hand , and 
74 
in confirmation of the findings of Titheradge & Coore 
(1976b) and of Halestrap (1977), a significant increase in 
the transmembrane pH gradient (increased alkalinity in the 
matrix space) occurred. This increase was maintained even 
after depletion of Pi of endogenous adenine nucleotides 
(Table 3.2). Although this factor alone (Table 3 . 2 and 
Fig . 3.4) probably does not provide the appropriate 
environmental conditions in the matrix that allow Ca 
retention by mitochondria, it could facilitate the 
redistribution of anions between the cytoplasm and matrix 
space as observed by Siess et a l. (1977), since their 
movement generally occurs ultimately in exchange for 
(internal) OH as proposed originally by Mitchell (1970). 
In this way, some extra degree of charge compensation for 
the accumulated Ca would be brought about . The net effect 
of this may be that less free Ca is available to activate 
mitochondrial phospholipase A activity, which , it has been 
argued (Waite et a l ., 1969; By grave , 1976), may be an 
important factor in the overall mechanism of uncoupling by 
Ca . In this regard, the inhibition by ADP and ATP of 
phospholipase A activity in mitochondria (Waite e t a l ., 
1969) is noteworthy. 
Glucagon action in v i v o leads to an increase in the 
transmcmbrane pl! possibly via stimulation of oxidative 
phosphorylation (Yamazaki, 1975; Titheradge & Coore, 
1976b; Il alestrap, 1977). Yamazaki (1975) suggested that 
glucagon can act between cytochrome c 1 and c of the 
respiratory chain, possibly by a process involving the 
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phosphorylation of specific protein components on the 
inner mitochondrial membrane (Zahl ten e t al., 1972). The 
·, 
suggestion is based on the findings that state 3 
respiration was stimulated by glucagon using NADH-linked 
substrates or succinate, but not ascorbate plus NNNN'-
tetramethyl-p-phenylene-diamine. It seems that this 
aspect of glucagon action can not be entirely responsible 
for the observed enhancement of Ca retention in the 
present work where succinate was used as the substrate; 
the enhancement of Ca retention was s till observed when 
ascorbate plus NNNN'-tetramethyl-p-phenylene-diamine were 
employed to generate the protonmotive force . 
Quite a background of information provides evidence 
for a key role of adenine nucleotides in mitochondrial Ca 
retention . Ernster (1956) and Meisner & Klingenberg 
(1968) some years ago, observed that Ca could, among other 
things, induce a release of adenine nucleotides from mito-
chondria and Carafoli et a l. (1964) observed that 
atractyloside-sensitive uptake of ATP can take place 
together with uptake of Ca. Later, Out et al . (1971) 
observed that the rate of adenine nucleotide efflux from 
rat liver mitochondria induced by Ca and Pi, could be 
increased by ire-incubation with atractyloside and 
inhibited by pre - incubation with bongkrekic acid. This 
suggested that the de gree to which adenine nucleotides are 
bound to the adenine nucleotide translocase, is a factor 
that influences the ability of mitochondria to retain Ca . 
Peng et al . (]974) showed that addition of phosphoenol-
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pyruvate to mitochondria containing Ca , exchanged with ATP 
in an atractyloside-sensitive step and at the same time 
induced a release of the matrix Ca . Others also have 
observed a close functional r e lation between Ca transport 
and the operation of the adenine nucleotide translocase 
(Chudapongse & Hau gaard, 1973; Sul e t al. , 1976; 
Asimakis & Sordahl, 1977). 
In a related study, Spencer & Bygrave (1972) provided 
evidence that low concentrations of Ca s timulate the 
initial rate of atractyloside-sensitive ATP transport and 
suggested that this plays an important role in the control 
of Ca transport . One further observation is that of 
Kimura & Rasmus sen· ( 19 7 7) who reported that repeated 
treatment of rats with dexamethasone, led to a decreased 
ability of the isolated mitochondria to retain Ca and that 
this alteration coul<l be related to an altered ability of 
the mitochondria to regulate the intramitochondrial ATP 
content. Specifically, it 0as found that repeated dexa-
methasone treatment in v i vo produced a loss in ability of 
mitochondria 1· 11 m '. ty,o to retain Ca ; at th e same time , the 
intramitochondrial ade nin e nucleotide content decreased 
significantly . 
On the other hand, Nakazawa & Nunokawa (1977) 
suggested that a close relationship may exist between 
endogenous adenine nucleotide content and energy-
transducin g activity in mitochondria isolated from rat 
livers perfu se d under hyp o~ ic-oxic conditions . The same 
was s ugge s ted for foetal r ;1t liver mitochondria which show 
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low respiratory activity and a low endogenous adenine 
nucleotide content (Ballard, 1971; Nakazawa et al ., 1973; 
Pollak, 1975) . 
The important point to be made in this work is that 
the action of glucagon in v i vo differed from that of dexa-
methasone or hypoxia in that glucagon-induced in the mito-
chondria, an enhanced ability to retain Ca and 
concomitantly a significant increase in endogenous adenine 
nucleotides (Fig. 3.1, Tables 3.1, 3.4). The increase in 
endogenou s ATP has been seen also by Siess e t al . (1977) 
and Bryla et a l . (1977) when studying the effect of 
g lucago n on metabolite compartmentation in isolated liver 
cells . At first some of the present experiments would 
s upport the proposal that adenine nucleotides can directly 
control the Ca-translocation cycle . Unfortunately, the 
argument breaks down when it is appreciated that adenine 
nucleotide-depleted liver mitochondria from glucagon-
treated rats have the same ATP plus ADP content as liver 
mitochondria from control rats, yet a very much enhanced 
retention time for Ca (Table 3.1 and Fig . 3 . 4) . Thus some 
fac tor other than adenine nucleotides themselves also must 
be involved. 
The activity of tl1e adenine nucleotide translocase , 
which catalyses a on e-for-one exchange of exogenous with 
endoge nou s adenine nucl eotides (Klingenberg, 1970), was 
similar in mitochondria from glucagon-challenged and 
saline-challenged liv er (Table 3.4) . Although not in tl1e 
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mainstream of the present discussion, it does raise the 
important question of how the endogenous adenine nucleo-
tide content is increased by glucagon treatment . Clearly, 
entry of adenine nucleotides involving a pathway that is 
insensitive to atractyloside as proposed for neonatal 
liver mitochondria (Nakazawa et a l., 1973; Pollak, 1975; 
Pollak e t al., 1978), cannot be ruled out at this stage. 
Finally, and from the physiological viewpoint, it 
seems significant that glucagon administration in vivo 
leads not only to a stable perturbation of Ruthenium Red-
sensitive Ca transport in mitochondria, but also to one of 
Ruthenium Red-insensitive Ca transport (Bygrave & Tranter, 
1978), i.e. that carried out by vesicles derived from the 
endoplasmic reticulum (see also Waltenbaugh & Friedmann, 
1978). It remains to be assessed how perturbations of 
this nature relate to the overall control by hormones of 
intracellular Ca (Bygrave, 1978a,b) and thus of Ca-
sensitive metabolic events. Interwoven into this is the 
question of whether a hormone-induced redistribution of 
cell Ca, as would be brought about by the dual action of 
these transport systems, is a primary phenomenon in the 
regulation of cell metabolism. In this regard, it is 
worth recalling that the transient change to liver mito-
chondrjal en-cycling (Bygrave, 1978a), induced by glucagon 
as seen here, is similar in many respects to the permanent 
derangement of Ca cycling seen in mitochondria from 
Ehrlicl1 ascites - tumour cells (McIntyre & Bygrave, 1974; 
Bygrave, 1976). 
CHJ\PTER 4 
ON THE INTERRELATIONSHIP BETWEEN GLUCAGON ACTION, 
THE REDOX STATE OF PYRIDINE NUCLEOTIDES AND 
CALCIUM RETENTION BY RAT LIVER MITOCHONDRIA 
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SUMMARY 
Experiments were performed to investigate the 
proposition (Lehninger e t al. , 1978c) that the redox state 
of mitochondrial pyridine nucleotides 1s a determinant in 
the ability of mitochondria to retain Ca . Use was made of 
the fact that glucagon administration of rats in vivo 
induces a stable enhancement in the ability of the mito-
chondria subsequently isolated from the liver to retain 
accumulated Ca (Prpic et al. , 1978). 
Addition of oxaloacetate to saline-challenged 
(control) mitochondria that already had accumulated Ca, 
led within 15 s to the complete oxidation of the mito-
chondrial N/\DH. In the same time period, only about 20% 
of the NADPH had become oxidi se d and Ca was still retained 
by the mitochondria. Approximately 30 s after the 
addition of oxaloacetate, the rate of NADPH oxidation 
s lowed about 10-fold a t which time the release of Ca fr om 
the mitochondria be gan to occur. The rate of NADH 
oxidation was similar in mitochondria isolated from 
gl uca gon-challenged and from sa line-challenged rat liver. 
That of N/\DPll oxida tion was slower in the glucagon-
challcnged mi.tochondria, especia lly dur i ng the above-
mentioned latter pha se . Under identical experimental 
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conditions, Ca was retained by the mitochondria from 
glucagon-challenged liver but not by those from saline-
challenged liver. Other experiments involving variations 
to either the pH of the incubation medium, or the dose of 
gluca gon administered, provided further evidence of a 
correlation between the ability of mitochondria to retain 
Ca and their resistance to oxidise NADPH. A correlation 
could not be detected between the ability of mitochondria 
to retain Ca and their ability to oxidise NADH . 
The data do not permit conclusion s to be drawn about 
the nature of the mechanisms linking the redox state of 
NADP-NADPH with that of Ca retention, but an argument is 
put that the energy-linked transhydrogenase reaction that 
leads to the generation of NADPH and which is stimulated 
in mitochondria from glucagon-challenged liver, may be 
involved. 
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INTRODUCTION 
A substantial body of evidence suggests that the 
redistribution of intracellular Ca plays an integral part 
in the action of certain hormones (for recent reviews see 
Rasmussen et a l. , 1975; Rasmussen & Goodman, 1977; Nimmo 
& Cohen, 1977). Consequent to ear lier s tudie s in which 
the effect of glucagon , cAMP and catecholamines on Ca 
efflux from perfused liver was examined (e . g . 
Friedmann & Park, 1968; Friedmann & Rasmussen, 1970; 
Dambach & Friedmann, 1974), more recent work has shown 
that the action of these substances on perfused rat liver 
(Blackmore e t al ., 1979a,c) or on hepatocytes 
(Assimacopoulos-Jeannet et al ., 1977; Keppens et al ., 
1977; Blackmore et al. , 1978; Chen et al ., 1978), 
induces a rapid and transient increase in the 
concentration of cytoplasmic Ca and activation of 
phosphorylase a (Keppens et al ., 1977; Blackmore et al. , 
1978). 
In a different but converging line of investigation, 
several laboratories have reported that glucagon 
administration to rat s in vivo induces an alteration to Ca 
transport 1n the mitochondria subsequently isolated from 
the liver of these animals (Waltenbaugh et a l. , 1978; 
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Hughes & Barritt, 1978; Prpic et al.. , 1978). Because 
mitochondria play a major role in controlling intra-
cellular Ca (reviewed in Mela, 1977; Bygrave, 1977, 
1978a,b; Carafoli & Crompton, 1978a,b), particularly 1n 
liver tis sue , and because mitochondrial Ca may be that 
most vulnerabl e to a-adrenergic stimulation (Blackmore et 
al.. , 1978a,c; Babcock e t al.., 1979), we considered it 
important to study further the mechanism by which hormones 
influence mitochondrial Ca transport. 
The basic incentive for the inve~tigation reported 
here arose from a consideration of the article of 
Lehnin ger et a l . (1978c) 1n which it was suggested that 
mitochondria will retain Ca so lon g as the mitochondrial 
pyridine nucleotides are maintained 1n the reduced state. 
Addition to the medium of substrates like oxaloacetate and 
acetoacetate which bring about an immediate oxidation of 
mitochondrial pyridine nucleotides, will subsequently 
induce the release of accumulated Ca. The hypothesis was 
appealing also as it represented a timely attempt to 
integrate cellular metabolic events with mitochondrial Ca 
movements, an aspect of cell physiology that has yet to be 
elucidated. Another pertinent point is that rotenone, 
which inhibits the oxida tion of pyridine nucleotide-linked 
s ub s trate s (Garland et a l. , 1969), also induces Ca 
retention in mitochondria in vit ro (Haugaard e t al.. , 1969). 
Because mitochondria isolated from hormone-challenged 
rat liver retain Ca for considerably longer periods than 
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saline-challenged rat liver (Dorman e t al., 1975; Hughes 
& Barritt, 1978; Prpic et a l., 1978) and because evidence 
exists that the redox state of mitochondrial NAD-NADH 
becomes more reduced following glucagon administration in 
viv o (Siess et a l., 1977), we felt that it would be fruit-
ful to employ this system to examine in detail aspects of 
the proposition put by Lehninger e t al . (1978c). By 
comparing specific properties of mitochondria isolated 
from g lucagon-challenge<l rat liver with those isolated 
from saline-challenged rat liver, we have been able to 
show that the redox state of NADP -NAD PH more than that of 
NAD-NADH correlates with the ability of mitochondria . to 
retain Ca . The experimental findi n gs are relevant not 
only to the mechanism of the control of Ca-cycling in 
mitochondria , but also to the mode of action of glucagon 
in liver tissue. 
RESULTS 
The e ffect of alter ing the redox state of intr arnitochondria l 
pur idine nu leotides on Ca retention by mitochondr ia i solated 
from the liver s of control and glucagon- t r eated rats 
Data in Fig . 4 . l(a) and 4 .l (c) compare the abi lities 
of mitochondria i s olated from rat liver 60 min . after the 
intraperitoneal administration to the intact animal of 
saline or of glucagon, to retain Ca following the addition 
of oxaloacetate to the medium. The experimental system is 
identical to that described by Lehninger et al . (1978c) 
but for the challenge of the rat liver with hormone, the 
(a 
Fig . 4.1: Effect of oxaloacetate on Ca retention and on the redox 
state of the pyridine nucleotides in liver mitochondria isolated 
from control and glucagon- treated rats . 
Glucagon (SO µg/ 100 g body weight) was administered intra-
peritoneally to r ats 1 h before isolation of the mitochondria. Ca 
transport (Fig . 4 .l (a) and 4.l(c)) was measured usin g ~5 Ca in a medium 
containing 65 nu\l-KCl, 130 1nM- sucrose, 3 mM -H epes, S ml'>l-MgC1 2 , 0. 2 ml'-1-
potass i um phosphate, 4 µM -rotenon e , 1 ml'>l-succinate and 3 . S mg of mito-
chondrial protein in a fin a l volume of 2 . 5 ml at the pH 7 . 2 or 6.6 as 
indicated at a temperature of 25 °C . Ca (300 nmol) was added at time 
zero. Oxaloacetate (O.S mJ\l) was added at the time indicated by the 
arro1v (i.e. 1 mir.. later). In Fig . 4.l(b) and 4 .l (d) th e wavelength 
pair 340-370 nm was used to spectrophotometrically monitor the 
concentration of reduced pyridine nucleotides under incubation 
conditions identical to tha t used to measure Ca transport . The mito-
chondria were isolated from the livers of control (Fig . 4.l(a) and 
4.l(b)) or glucagon-treated (Fig . 4 . l(c) and 4 . l(d)) rats. 
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method of preparation of the mitochondria (PrpiE et al ., 
1978) and the pH of the incubation medium. Because 
alterations to the pH of the incubation medium are known 
to markedly influence the rate of Ca efflux from rat liver 
mitochondria (Rossi et al. , 1966b; Akerman, 1978c) and 
because an increase 1n transmembrane pH (increased 
alkalinity in the mitochondrial matrix) is induced 1n 
mitochondria following glucagon treatment in vivo 
(Titheradge & Coore, 1976b; Halestrap, 1978b,c; Prpic et 
al ., 1978), we investigated as well the effect of pH of 
the medium on Ca retention and the rate of change of the 
mitochondrial pyridine nucleotide redox state . 
In agreement with Lehninger et al . (1978c), addition 
of oxalo ace tate to the medium maintained at pH 7.2 leads 
within approximately 60 s to a gradual release of the 
accumulated Ca from the control mitochondria (Fig. 4.l(a)). 
When the incubation medium is maintained at pH 6.6 instead 
of 7 . 2 , th e release of Ca induced by addition of oxalo-
acetate occurs more rapidly and is complete within 
approximately 2 min. However, and consistent with our 
previous findings usin g a quite different incubation 
sys tem (Prpic et al ., 1978), this release does not occur 
in the glucagon-treated mitochondria (Fig. 4.l(c)) at 
eith e r pl! 7.2 or 6.6. 
In experiment s employing the identical reaction media, 
changes in the redox s tate of the mitochondrial pyridine 
nucleotides were mea s ured; in Fig. 4.l(b) the experiment 
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was carried out with control mitochondria . This figure 
reveals that immediately fo llowi n g th e addition of oxalo-
acetatc, there occur s within 10-15 s a rapid oxidation of 
mitochondrial pyridine nucleot ides as reflected by a 
decrease in the adsorption difference spectra measured at 
340-370 nm. The data in Fig . 4.l(d) show that a similar 
rapid change in the redox sta te of pyridine nucleotides 
occurs also with the gluca gon-treated mitochondria but 
under conditions 1n which the Ca is retained for up to 
10 min. 
A comparison of th e trace s in Figs. 4 .l (b) and 
4.l(d), however, reveal two kinetically distinguishable 
components; an initial phase of rapid activity that is 
complete in approximately 10 s or 15 s followed by a phase 
of slower ac tivity that continues for several min . 
Particularly evident 1s that the initial rapid change in 
redox s tat e proceeds at similar rates with both types of 
mitochondria but th a t the second phase of activity 
proceed s significantl y more s lowly at pH 7.2 than at pH 
6.6 on the one hand, and wi th the mitochondria isolated 
fr om glucagon -challen ged rat liver on the other. With 
both types of mitochondria, the extent of pyridine nucleo-
tide oxidation gener a lly accompanied a lowered rate of 
pyridine nucleotid e oxidation in the slow phase of 
ac tivity. It is noteworthy that the redox change , 
especially that of the initial rapid phase, always 
occurred considerabl y more quickly than the release of Ca 
from the mitochondri a . 
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Because the oxidation of mitochondrial pyridine 
nucleotides in the control and glucagon-treated mito-
chondria occurred to s imilar extents but with an apparent 
difference in the second phase concomitant with their 
differing abilities to regain Ca , we investigated further 
the oxidation of the pyridine nucleotides. 
Enzymatic determination of mitochondrial 
pyridine nucleotides f ollowing oxaloacetate-
induced changes in their redox state 
Because the abs orption difference spectrum at 
340-370 nm revealed two kinetically distinguishable phases 
of oxaloacetate-induced oxidation of mitochondrial 
pyridine nucleotides, we considered it important to 
measure the chemical concentrations of NAD , NADP, NADH and 
NADPH in the samples t a ken from the incubation mixture 
during the course of the reaction described in Fig . 4.1. 
To achieve this, experiments were performed under 
identical conditions to those in Fig. 4.1 and fluorometric 
analyses made of the pyridine nucleotides. The data, 
pre sented in fig. 4.2, show that after Ca accumulation is 
complete, but prior to addi tion at 1 min . of oxaloacetate, 
the mitochondrial NAD-NADH and NADP-NADPH exist mainly in 
the reduced form principally because of the presence of 
rotenone in the medium. The concen tr ations of NADH and 
NADPII are of the order of 5 nmol/mg of protein in both 
type s of mitochondria and are in reasonable agreement with 
data publi s hed elsewhere (Heldt & Klin ge nberg, 1965). 
Fig. 4 . 2: Enzymatic determination of t he change i n concentration of 
oxidized and reduced pyr idine nucleoti de s followi ng the addition 
of oxal oacet ate t o mitochondria r espir i ng on succinate . 
The experimental conditions were identical to those described in 
the legend to Fig . 4 .1 except that the total reaction mixture was 
scaled up 5 times to give a final volume of 12.5 ml . NAD (• ), NADH 
(o), NADP (• ) and NADPH (6) were determined enzymatical ly as indicated 
in Chapter 2 and at the indicated times. The mitochondria were 
isolated from the liver of control (Fig . 4.2(a)) and glucagon-treated 
(Fig. 4 . 2(b)) rats. Ca was added at time zero and oxaloacetate added 
1 min. later as indicated by the arrow. Data from three independent 
experiments ar e given with the standard deviation except for those for 
NADP formation at 6 min. which is the average of two independent 
experiments. Th, pH wo..) 1.J.. 
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Approximately 1 nmol of NAD/mg of protein is present while 
NADP is hardly detectable. The NAD most probably arises 
from the Ca-induced transient oxidation of NADH (see 
Lehningcr et a l., 1978c). 
Addition of oxa loacetate at the time when Ca has 
reached a steady-state concentration (see Fig. 4.l(a) and 
4.l(c)), results in an almost immediate and complete 
oxidation of NADH in both the control and glucagon-treated 
mitochondria; by 15 s, when the first samp le was taken, 
the bulk of the NADH initially present had become oxidised. 
By contrast, NADPH oxidation appeared to take place more 
slowly than that of NADH oxidation. At the time when the 
first sample was taken following addition of oxaloacetate, 
i.e. 15 s, only about 20 % of the NADPH had become oxidised 
and by 30 s about 50 % had become oxidised . Thereafter, 
the rate of NADPH oxidation slowed by about 90% and 
continued at this slower rate for approximately 6 min. Of 
partjcular note was the finding that NADPH oxidation 
occurred more slowly in gluca gon-treated mitochondria than 
in control mitochondria (Fig . 4 . 2); by 6 min., it was 
s till incomplete. In most measurements, the disappearance 
of the reduced form of the pyridine nucleotides was 
c ount erbalanced by the appearance of the oxidised form of 
the corresponding pyridine nucleotide. Some deviation was 
found in the values for the concentration of NADPH 
attributable to the difficulties inherent in measuring the 
reduced {orms of pyridine nucleotides (Klingenberg, 1974). 
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The differences in rates of oxidation of NADH and 
NADPH seen here are consistent with the data of 
Klingenber g & Slenczka (1959) who ob se rved that 1n coupled 
mitochondria the rate of oxjdation of NADH occurs more 
quickly than that of NADPH. We wou ld conclude therefore 
that the faster and slower rates of pyridine nucleotide 
oxidation observed in Fig. 4.l(b) and 4.l(d) are in the 
main attributable to the faster rate of oxidation of NADH 
and slower rate of oxidation of NADPH. We would suggest 
however that the ability of mitochondria to retain Ca 
correlate s more with the redox s tate of NADP-NADPH than 
that of NAD-NADH . 
Variation of the dose of glucagon administered to rats 
in vivo as a means of further assessing the relationship 
of pyridine nucleotide oxidation and Ca r etention in 
mitochondria in vitro following the addition of oxaloacetate 
Because the degree to which glucagon administration 
&n vivo influences Ca retention in vitro 1s dependent , 
among other thin gs , on the concentration of the hormones 
injected (llughes & Barritt, 1978), the following 
experiment was carried out. In a se ri es of individual 
assays , different concentrations of g lucagon ranging from 
10 µg to 50 µg /100 g body weight were injected intra-
peritoneally into rats. After 60 min. the rat was killed 
and mitochondria from the liver isolated. Then using 
experimental co ndition s s imilar to those described in Fig . 
4 . 1 and employing a pH of 6.6 in order to obtain maximal 
effects, th e relation between pyridine nucleotide 
oxidation and the time of Ca retention was assessed 
following the addition of oxaloacetate. 
The data in Fig . 4 . 3(a), representative of a number 
of independent experiments, s how that no significant 
change in the initial rapid rate of pyridine nucleotide 
oxidation could be detected as the dose of glucagon 
administered to the animal is increased between zero 
(control) and 50 µg/100 g body weight. By contrast, the 
rate of the second s lower phase of pyridine nucleotide 
oxidation was reduced as the dosage of glucagon 
administered was increased (Fig . 4 . 3(a)). 
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Fig. 4.3(b) shows the rate of pyridine nucleotide 
oxidation 1n both the initial rapid phase and subsequent 
slower phase plotted as a function of the Ca retained by 
mitochondria isolated after administration of varying 
amounts of gl uca go n to the intact animal (cf. Fig. 4 . 3(a)) . 
Eac h point represents measurements on a separate mito-
chondrial preparation. The data reveal, as predicted from 
Fig. 4.3(a), that no signific an t change in the initial 
rapid rat e of pyridine nucleotid e oxidation occurs in a 
range of mitochondrial preparations that possess quite 
different abilities to retain accumulated Ca . On the 
o t her hand, a reasonably good correlation can be seen 
between the ability of the mitochondria to retain Ca and 
the impedencc of th e slower s ub se quent rate of pyridine 
nucleotide oxida tion; the grea ter the ability of mito-
chondria to retain Ca the slower the subsequent rate of 
pyridine nucleotide oxidation . 
Fig. 4.3: Correlation between oxaloacetate- induced oxidation of NADH 
and NADPH by mitochondria respiring on succinate and the time of 
Ca retention: 
Varying degrees in ability of mitochondria to retain Ca were 
induced by injecting a range of different concentrations of glucagon 
intraperitoneally into rats prior to isolating th e mi tochondria 1 h 
later. Fig. 4.3(a) shows the oxaloacetate-induced oxidation of 
pyridine nucleotides performed as indicated in the legend to Fig. 4.1 
but at pH 6.6 (a) control, (b) 10 µg, (c) 30 µg and (d) 50 µg of 
glucagon were administered to the animals, respectively . The values 
plotted in Fig. 4 . 3(b) were from a series of experiments carried out 
as indicated above but including the time for which mitochondr ia 
retain the accumulated Ca . The latt er was measured as that t ime 
elapsing between the addition of oxaloacetate and the point at which 
the Ca was released. Closed and open symbols represent data from 
mitochondria of control and glucagon-cha ll enged animals, respectively. 
Initial phase of pyridine nucleotide oxidation (o ,e); second phase 
of pyridine nucleotide oxidation ~ ,A). 
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The measu.r>ement of the transhydrogenase reaction in intact 
mitochondria isolated from control and glucagon- treated rats 
It has been found that glucagon pretreatment of 
intact rats leads to the stimulation of a number of energy-
linked reactions in hepatic mitochondria including state 3 
and uncoupl ed respiration (Yamazaki, 1975), uncoupler-
stimulatcd ATPas e activity, potassium uptake (Yamazaki et 
al. , 1977) and the Ca-translocation cycle (Yamazaki, 1975; 
Hu ghes & Barritt, 1978, 1979; this the sis) . In addition, 
the forward energy-linked transhydro genase reaction that 
results in the rapid formation of NADPH, is stimulated in 
submitochondrial particles obtained from glucagon-treated 
rats mitochondria by comparison with the appropriate 
control (Ti ther adge et al. , 1978) . It was suggested that 
the same enzyme can drive the reverse transhydrogenase 
reaction, i.e. NAD reduction by NADPH, provided certain 
conditions are fulfilled (Skulachev, 1971; Rydstr6m, 
1977) . We felt that thes e facts might possibly explain 
the slower rate of NADPH oxidation in glucagon-treated 
mitochondria seen in the above exper iments in this thesis. 
Because of the impermeability of the inner mito-
chondrial membrane to pyridine nucleotides (Lehninger, 
1951), it is not possible to measure the energy-linked 
transhydro genase r eac tions in intact mitochondria . 
l!owever, Klingenberg & Slenczka (1959) developed a method 
for meas uring transhydro genation in intact mitochondria in 
an indirect 1vay and one which we have adopted . They found 
by enzymatic analyses that when th e pool of pyridine 
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nucleotides in mitochondria is oxidised by addition of ADP 
in the ab s ence of oxidisable substrate, s ubsequent 
addition of B-hydroxybutyrate induces the reduction first 
of NADP; NAD reduction commence s only after this 1s 
complete. B-hydroxybutyrate ther e for e feed s into the 
forward transhydrogenase reaction. 
Data in Fig . 4.4 show that the rate of increase in 
Gbsorbance at 340-370 nm, induced by addition of B-
hydroxybutyrate and reco gnised by Klingenberg & Slenczka 
(1959) as being due to NADPH formation, occurs more 
rapidly in glucagon-treated mitochondria than in the 
control mitochondria. 
The e ffect of oxaloacetate on the oxygen consumption 
of liver mitochondria respiring on succinate and 
isolated from aline- and glucagon- treated rats 
In a number of control experiments (Fig . 4.5) , the 
possibility was tested that inhibition of succinate 
dehydrogenase by oxaloacetate itself leads to an 
inhibition of mitochondrial electron flow under the 
conditions employed and to the consequent release of the 
accumulated Ca. Although a small (approximately 30 %) 
inhibition of respiration did occur following oxaloacetate 
addition under the conditions employed in this work , this 
was transient, lasted for onl y about 2 min. and be gan 
a ,t c r J d c l :1y or ;1h o 11t 3 0 s t o 1 min (r:j g . 4.5). 
Lehnin ger Pt al . (1978c) reported no jnhibition of 
respiratjon by oxaloacetate in their experiments . No 
[4 JJM NAO! I 
or NADPI-1 
BOIi 
i 
HoYh-\o~e. 1---../=- -c,;-n~:.;---- ---· 
0 50 150 250 260 270 280 290 300 
t Time (sec) 
A 
Fig . 4.4: Enen:;z,i - linked transhyd:t'ogenase activity in mitochondria 
isolated from control and glucagon- challenged rats . 
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The r edox stat e of the pyridine nucleotides was monitored using 
the wavelen gth pair 340-370 nm in a medium containing in a final 
volume of 2 . 5 ml : 50 mM- KCl, 100 mM-sucrose, 15 mM tris-Hr.l, 10 mM-
potassium phosphate, 2 mM-MgS0 4 , 1 mM-EDTA and 2. 5 mg of mitochondrial 
protein. At the indjcated times, 240 JJM ADP and 10 mM B-hydroxy-
butyra te (BOIi) were added to the r eaction mixture . The chart speed 
was changed at the point indicated on the time scal e (A). For further 
details, see Klingenb erg & Slenczka (1959) . 
(a) 
(b) 
A 
i 
ngatom 
oxygen 
1 min 
I ~ 
I 
Fig . 4.5: The e ffect of oxaloacetate on the oxygen consumption in 
mitochondria r espiring on succinate . 
Rat liver mitochondria were isolated from (a) control and 
(b) glucagon-trea ted anima l s as described in Fig. 4.1. Oxygen 
consumption was measured polarographically during the course of Ca 
transport performed und er conditions as for Fig . 4 . 1 . Th e additions 
made were (A) 3. 5 mg of mitochondrial protein, (B) 300 nmol Ca with 
(II and II I) or without (I) sodium oxaloacetat e (O . 5 mM) (C) . The pH 
of the incubation medium was 7.2 (I; II) or 6.6 (I; III) 
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differences of significance could be detected in the 
degree of inhibition of respiration between control and 
glucagon-treated mitochondria (Fig. 4.S(a) and 4.S(b). 
This is important in the present work, as it was found 
very recently that glucagon c an s timulate s uccinate 
dehydrogenase (Sies s & Wieland, 1979; Titherad ge & Haynes 
jr., 1979). 
Acetoacetate- induced Ca ef flux and the e ffect on the 
components of protonmotive f orce in mitochondria 
r espir ing with succinate~ with ATP or with ascorbate 
plus NNNN '- tetramethyl- p- phenylene- diarnine 
In the experiments shown in Fig. 4.6, the membrane 
potential and transmembrane pH gradient (Fig . 4.6(b,d,f)) 
were measured during the course of Ca transport (Fig. 
4.6(a,c,e)) with ATP (Fi g . 4.6(c,d)) or with ascorbate 
plus NNNN'-tetramethyl-p-phen ylene-diamine (Fig. 4.6(e,f)), 
as the ener gy s ource, prior to and following the release 
of Ca by acetoacetate. The latter substrate promotes 
essentially the same effect a s oxaloacetate on Ruthenium 
Red-insensitive Ca releas e (Lehninger et al ., 1978c; 
Fi s kum & Lehnin ger, 1979). Th e basic medium for Ca 
transport and the protonmotive force was identical to that 
used for the measurement of the components of protonmotive 
force as described in Chapter 2, except that acetate, and 
the various sources of energy (see above) were used. As 
expected (Lehninger et al. , 1978c; Fiskum & Lehninger , 
1979), addition of acetoacetate and Ruthenium Red to the 
medium 4 min. after the initiation of Ca transport leads 
Fig . 4.6 : Effect of acetoacetate- induced Ca efflux from mitochondria 
on the components of the protonmotive forc e (6p) . 
Mitochondrial Ca transport (a, c and e) was performed using the 
membrane filtration t echnique , and in th e medium simi l ar to that used 
for th e det ermi nation of the components of the protonmotive force as 
described in Chapter 2, except that 5 rnM-sodium succinate (a ,b), or 
1 mM-ATP (c,d), or 2 mM - ascorbat e plus 0.2 rnM-NNNN 'tetramethyl-p-
phenylene-diamine (e,f) were us ed to generat e 6p . Sodium acetate 5 rnM 
was used as a permean t anion. The components of th e protonmotive 
forc e (b ., d and f) were determined as described in Chapter 2 and under 
incubation conditions simi l ar to thos e us ed for the measurement of Ca 
transport (see above) . Ca transport was initiated by the addition of 
50 nmol Ca/mg protein excep t in Fig . 4 .6 (e) and 4.6( f) where it was 
initiated by the addition of NNNN '-tetramethyl-p-phenylene-diamine. 4 
min. l a t er when added 5 mM-lithium acetoacetate and 0. 5 µM -Ruthenium 
Red were used . 
Measurement of Ca transport; Fig . 4 .6 (a, c and e): 
(o) no additions or Ruthenium Red added as indicated by the arrow; 
(• ) 5 rnt-1- ace toaceta t e plus 0. 5 JJM-Ruthenium Red added as indicated 
by the arrow . 
Measurement of th e components of protonmotive force; Fig. 4.6 
(b, d and f): open symbo l s: no lithium acetoace t ate added; closed 
symbol s : 5 mM-lithiurn acetoacetate added as i nd icat ed by the arrow: 
(6; ..t. ) transmcmbrane pl l gradient (-59 6pll); 
(o ;•) membrane potential (6E); 
(o; • ) protonmotivc force (6p) . 
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to the gradual release of the accumulated Ca (Fig. 4.6 
(a,c,e)) Six min. later there was about 20-40% of Ca 
released (Fi g . 4.6(a,c,e)). The lower valu es apply to 
ATP-supported Ca transport (Fi g . 4.6(,)) most probably 
becau se ATP may inhibit Ca release (see Chapter 3). No 
decline in the total protonmotive force was detected. 
However, there was a tendency for the membrane potential 
to increase by about 10 mV in parallel with a 
corre spo nding decrease in the transm embrane pH gradient 
(Fig. 4.6(b ,d, f)). Ruthenium Red added without aceto-
acetate has no effect on Ca release and on the components 
of the protonmotive force . This suggests that the 
observed release of Ca is not attributable to any 
disruption of mitochondrial electron flow . 
DISCUSSION 
Data from experiments presented 1n this thesis 
provjde evidence for a functional link between the redox 
state o f NADP-NADPH but not of NAD-NADH with mitochondrial 
Ca retention and extend knowledge about the way in which 
glucago n administration in vivo influences mitochondrial 
function . They illu s trate also the extent of new 
information that can be gained when studies with control 
mitochondria are judicious ly carried out in parallel with 
those from hormone-challenged liver (Bygrave, 1977). 
In an earlier report, Klingenberg & Slenczka (1959) 
established that the rate of oxjdation of NADH occurs more 
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rapidly than that of NADPH 1n coupled mitochondria. In 
the present study, we were able to confirm this finding by 
showing that within the time of taking the first sample 
for enzymatic measurement of pyridine nucleotides (viz. 
15 s, Fig. 4.2), all of the available NADH had become 
fully oxidised . Moreover, and within the limits of the 
measurements made , this corresponded well with the early, 
rapid redox response observed immediately following 
addition of oxaloacetate. Essentially identical phenomena 
were observed in the glucagon - treated mitochondria (Fig . 
4.2(b)). 
During this same time period, oxidation of NADPH 
occurred relatively much more slowly as revealed also by 
enzymatic measurement of the pyridine nucleotides (Fig. 
4.2(a)) and was significantly diminished in the glucagon-
treated mitochondria (Fig . 4 . 2(b)). For all of these 
reasons, we have tentatively assigned the initial rapid 
phase of the redox response as measured by the wavelength 
pair 340-370 nm, to the preferential oxidation of NADH and 
the second slower phase in the redox response to changes 
1n the redox state of principally NADPH . 
The usefulness of hormone-challenged liver as a tool 
in this investigation was further shown in Fig . 4.3 where 
it was possible to vary the degree of change induced in 
the mitochondria in terms of both oxaloacetate-induced Ca 
release and the redox state by varying the dose of 
glucagon administered to the intact animal . This clearly 
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revealed a positive correlation between the extent of Ca 
retention and the resistance to NADPH oxidation but not to 
that of NADH oxidation. 
Despite the revelation in this work of the apparent 
functional correlation between the redox s tate of mito-
chondrial NADP-NADPH and Ca retention, the data do not 
provide sufficient information to allow the assignment of 
a mechanism to this link. Nor do they permit one to 
discriminate between primary and secondary effects in the 
action of glucago n in this link. 
The data could be interpreted as being apparently 
contradictory to a recent growing body of information that 
seemingly is beginning to integrate Ca fluxes, fatty acid 
metabolism, glucagon action and the redox state of NAD-
NADH in mitochondria (Harris & Berent, 1969; Cook et al ., 
1977; Otto & Ontko, 1978; Wolkowicz & Wood, 1979). 
It is po s sible that the correlation of Ca retention 
with the redox s tate of NADP-NADPH but not with that of 
NAD-NADH is a fortuitously unique consequence of the 
experimental conditions employed in this work and in the 
report of Lehninger et al. (1978c) . Alternatively , the 
energy-linked transhydro genase reaction may be an 
important component in the overall mechanism. 
The forward reaction of the transhydrogenase that 
leads to the ge neration of NADPH, is stimulated in liver 
mitochondria following gluca go n administration i n vivo 
(Titheradge et a l., 1978; Fig. 4. 4), although we cannot 
104 
exclude the possibility at thi s time that s uch stimulation 
is only apparent arising from the glucagon-induced 
increase in transmembrane pH gradient that would provide a 
more optimum pH for the energy-linked tran s hydrogenase 
(Rydstrom et al. , 1970 ) . I\ second point is that the 
en ergy-ljnkcd tr an s hyclrogern1sc activity is coupled to II+ 
movements across the inner mitochondrial membrane (Moyle & 
Mitchell, 1973; Rydstrom, 1977~ 1979) which in turn are 
known to be coupled to Ca movements across this membrane 
(Ver c es i et a l. , 19 7 8 ; Fisk um & Lehning er , 19 7 9 ) . A 
third point is that under conditions of liver hypoxia 
there occurs a parallel decline in energy-linked trans-
hydro ge na se activity and ATP concentration in the 
subsequently isolated s ubmitochondrial particles (Nakazawa 
& Nunokawa, 1977). This situation is opposite to that 
which occurs in liver mitochondria following glucagon 
administration in vivo (Chapter 3) and which induces Ca 
retention in the organelle. 
A fourth point is that a recent report (Harris et al ., 
1 979) s ug gest s the maintenance of thiol groups in a 
reduced form by a reaction involving the en ergy -linked 
tr ans hyclro genase , is important in mitochondrial Ca efflux . 
Finally, it is clear that the application of the 
hormone -challenged liver system in this work has provided 
further insights into basic mechanisms involved in mito-
chondrial liver function that otherwise would have been 
difficult to achieve, particularly in the absence of 
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"mutant s " of mitochondria of eukaryotic cells that 
transport Ca (Bygrave, 1977, 1978a). More important is 
that the resolution of a range of problems involving the 
control of intracellular Ca in eukaryotic cells can be 
greatly facilitated by further such applications . 
CHAPTER 5 
STABLE CHANGES TO CALCIUM FLUXES IN MITOCHONDRIA 
ISOLATED FROM RAT LIVERS PERFUSED WITH 
a -ADRENERGIC AGONISTS AND WITH GLUCAGON 
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SUMMARY 
Mitochondria i s olated from rat liver after a short-
term perfusion with the a -adrenergic agonist phenylephrine 
or with glucagon, exhibited enhanced rates of uptake of Ca 
and prolonged ret ention of Ca in the pre s ence of 4 mM-Pi. 
The effect on Ca retention was apparent after perfusion 
with phenylephrine for only 1 min. and was maximal after 
7 min. of treatment. The changes induced by glucagon 
although similar, were less rapid . Epinephrine caused 
similar chan ges to phenylephrine and its effects were 
block ed by the a -adrenergic antagonist phenoxybenzamine, 
but not by the 8-antagonist propranolol. The Ca content 
of th e isolat ed mitochondria decreased by 30 % 1 min . after 
the onset of perfusion with phenylephrine; by 6 min . , it 
had be gun to return to the ori ginal value which was 
reached at 10 min. A s imilar loss in calcium content was 
induced by glucagon but the chan ges were not as great and 
occurred more slowly. 
Mitochondria from phenylephrine-treated livers 
exhibited decreased rates of Ca efflux by addition of 
2 mM - EGTA, a 50% incr ease in th e cont ent s of ADP and total 
a denine nu c l eotides , a s mall increas e in th e transmembrane 
pH gradi ent, and a r edu c ed r a t e of ox a lo a c e tate-induced 
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NADPH oxidation. 
This stµdy thus shows that stimulation of liver by a-
adrenergic agonists, like that by glucagon, induces within 
minutes a stable modification of mitochondria leading to 
alterations in the Ca-translocation cycle (increased Ca 
uptake and retention) and alterations in mitochondrial 
energy-linked reactions. 
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INTRODUCTION 
It is becoming increasingly evident that many 
hormones exert large effects on liver mitochondrial Ca 
fluxes and that these are probably important in some of 
the metabolic effects of the se hormones (Bygrave, 1978a; 
Rasmussen & Goodman, 1977). Although work ha s been done 
on the changes in Ca fluxes in mitochondria isolated from 
livers of rats treated with glucagon (Yamazaki, 1975; 
Hughes & Barritt , 1978; Prpic et al. , 1978) or epine -
phrine (Hughes & Barritt, 1978) in vivo or from livers 
perfuse d with g lucagon in vitro (Hughes & Barritt, 1978), 
there have been no detailed reports of the actions of 
catecholamines, even though these agents produc e larger 
changes in mitochondrial Ca content than does glucagon 
(Blackmore e t al ., 1979a,b,c). 
The present cho.ptey was designed to examine the 
effects of a-adrenergic stimulation on liver mitochondrial 
Ca fluxes. Attention was focussed on a -adrenergic action 
since the effects of catecholamines on liver cell Ca 
fluxes (Assimacopoulos-Jeannet et al. , 1977; Blackmore et 
al. , 1978; Chen e t al. , 1978) and on liver mitochondrial 
Ca content (Blackmore e t al. , 1979a,c) are mediated almost 
exclusively through a- receptors. The report shows that 
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perfusion of rat livers with a -adrenergic agonists induces 
rapid and large changes in many liver mitochondrial 
energy-linked functions. These include components of the 
Ca-translocation cycle (Ca uptake, e f flux and retention), 
oxidation of NADPH and the tran smembrane pH gradient. 
RESULTS 
Ca retention in mitochondr ia isolated from rat 
l iver perfused with phenylephr ine or with glucagon 
Recent work from this laboratory has provided 
evidence that mitochondria isolated from rat liver display 
considerable heterogeneity in their ability to accumulate 
and retain Ca (Bygrave et a l., 1978b). Since Ruthenium 
Red-sensitive Ca transport is enriched in mitochondria 
that sediment in buffered iso-osmotic sucrose at 
relatively low centrifugation forces (Bygrave e t al ., 
1978b), all the experiments reported in the present study 
were carried out with mitochondria that had been isolated 
in a manner that permitted enrichment of these relatively 
"heavy" mitochondria. 
Figure 5.1 shows how th e ability of mitochondria to 
retain accumulated Ca changed after perfusion of rat liver 
for 7 min. with a maximally-effective concentration of 
either glucagon or the a- adrenergic agonist phenylephrine. 
In the absence of hormone, mitochondria accumulated 85-90 
nmole of Ca/m g of protein within 10 sat 25 °C in the 
presence of 4 mM - Pi and retained this Ca for approximately 
9 min. Mitochondria isolated from glucagon - (Fig. 5.l(a)) 
Fig. 5. 1: Ability of liver mitochondria to r etain Ca after perfusion 
of liver with glucagon or phenylephrine . 
Rat livers were perfused in situ for 15 min. at which time the 
right main lobe was tied off and taken for the preparation of control 
mitochondria. The r ema ining liver wa s perfused for a further 7 min. 
in the presence of 10- 7 M glucagon (Fig. 5.l(a)) or 10-s M phenyl-
ephrine (Fig. 5.l(b)) when the caudate and papilliform lobes were 
taken for the preparation of hormone-treated mitochondria. The 
ability of control and hormone-treated mitochondria to retain 
accumulated Ca was then compared. Ca retention was measured as 
describ ed in Chapter 2. The reaction medium contained, in a total 
volume of 2 .0 ml: 230 mM-sucrose, 10 mM-KCl, 5 mM-Hepes, 5 mM-sodium 
s uccinate, 1 µM-roteno ne, 4 mM-Pi, 200 nmol of 45Ca and 2 mg of mito-
chondrial protein . The pH was 7.4 and the temperature 25 °C. Control 
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or phenylephrine-perfused livers (Fig. S.l(b)) on the 
other hand, consistently accumulated greate r than 90 nmol 
of Ca/mg of protein and Ca retention time s we re extended 
to about 17 and 21 min., respectively. The data may be 
compared with earlier findings that glucagon (Prpic et al ., 
1978; Hughe s & Barritt, 1978) or epinephrine (Hughes & 
Barritt, 1978) administration to the rat in vivo for 60 
min. or g lucago n administration to the perfused liver in 
vitro for up to 60 min. (Hughes & Barritt, 1978) induces 
liver mitochondria to retain Ca. 
Figure 5.2 shows that the glucagon- or phenylephrine-
induced changes in mitochondrial Ca retention were 
relatively rapid in onset. Mitochondria isolated from rat 
livers perfused with phenylephrine for 1 min. exhibited an 
increased ability to retain Ca and maximal effects were 
observed after 7 min. The effect of glucagon on mito-
chondrial Ca retention was le ss rapid in onset and 
initjally of lower magnitude than the effect of phenyl-
ephrine. A signif icant increase in Ca retention was 
observed after perfusion with glucagon for 4 min. The 
effect of gl uca gon increased progressively as the 
perfusion time was increased up to 20 min. The addition 
of cycloheximide (2 µM) or puromycin (100 µM) to the 
JS m,·,.. bctvc. +ke. hoY~oll\.t 
perfusateAdi not alter th~ ability of either glucagon or 
phenylephrine to exert their effects on mitochondrial Ca 
retention (W.M. Taylor & F.L. Bygrave, unpublished 
observation s) . 
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Fig. 5.2: Time course eff ect of phenylephrine and glucagon on 
retention of Ca by rat liver mitochondria . 
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Experimen tal details were as described in the legend to Fig. 
5.l(a), 5.l(b) except that the time of perfusion with glucagon 
10- 7 M (o) or phenylephrine 10- 7 M (• ) was varied as detailed above. 
Results were expressed relative to their respective control value and 
are reported as the Mean ±S.E .M. for th e number of experiments 
indicated in parentheses . 
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Figure 5.3 indicates how the mitochondrial Ca 
concentration varied after perfusion of rat liver for 
increasing periods of time with either phenylephrine or 
glucagon . Both elicited a rapid tran sient decrease 
similar to the finding s of Blackmore et al . (1979a,c). 
Phenylephrine significantly lowered the Ca content after 
only 1 min. with a maximal effect (decrease of 40%) 
observed after 4 min. The response to glucagon was 
slightly slower and of smaller magnitude; the Ca content 
was decreased after 4 min. and was maximally effective at 
7 min. (decrease of approximately 30 %) . By 10 min., the 
Ca content of both phenylephrine or glucagon-treated mito-
chondria had returned to the original pretreatment level. 
The ability of mitochondria to retain Ca following 
treatment of the perfused liver for 7 min. with varying 
doses of phenylephrine was also investigated. The results 
(Fig . 5.4) show the effect was dose-dependent. A 
s ignificant increase in mitochondrial Ca retention was 
observed at a concentration of 10- 7 M phenylephrine and 
the ability to retain Ca increased further with increasing 
agonist concentrations up to the maximum dose employed 
(1 o- 5 M) . 
Mitochondria isolated from rat livers perfused for 
7 min. with 10-s M phenylephrine also exhibited increased 
initial rates of Ca uptc:1ke. Phcnylephrine enhanced the 
initial rate of Ca uptake (0 to 10 s period) by nearly 60% 
under these conditions (Fig . 5.5). 
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Experimental details were as described in the legend to Fig. 5.1 
(a,b). Results were expressed as the increas e in retention time (min) 
above the respective con trol value . The mean control retention time 
was 6. 7 ± 0, 9 min. (n = 17) . Result s are r eported as the Mean ± S. E. M. 
for th e numb er of separate experiments shown in parentheses. 
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Fig . 5.5: Effect of phenylephrine on mitochondrial Ca uptake . 
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Perfusion details were as described in the legend to Fig . 5.1 (a), 
5.1 (b). The abili ty of control (o) or phenylephrine [10- 5 M] (• )-
treated mitochondria to take up Ca were compared . Ca uptake assays 
were performed as described in Chapter 2. The reac tion medium and 
assay cond itions were as described for Ca re t ention determinations 
described in the l egend to Fig. 5.l(a), S.l(b) with the exceptions 
that rotenone was omitted from the reaction mixture and the 
t emperat ure was 4 °C. Re sults are reported as the Mean ±S . E.M. for 
three separate exper~ments . 
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Figure 5.6 shows that perfusion of rat livers with 
epinephrine affected the flux of Ca in subsequently 
isolated mitochondria in a manner similar to that 
described for phenylephrine. Treatment with 10- 6 M epine-
phrine increased Ca retention by more than two-fold (Fig. 
5.6(a)) whilst the initial rate of Ca uptake (Fig . 5.6(d) 
was increased by almost 80 % following perfusion of livers 
with the hormone. When the a-adrenergi c antagonist 
phenoxybenzamine was also present during the perfusion 
(Fig. 5.6(b,e)), no effect of epinephrine on Ca retention 
or uptake was observed. In contrast, the 8-adrenergic 
antagonist propranolol (Fig. 5.6(c,f)) did not 
significantly diminish the increase of Ca retention and 
uptake induced by epinephrine. 
Effect of perfusion with phenylephrine or glucagon 
on EGTA - induced mitochondrial Ca efflux 
The experiments de s cribed in Table 5.1 were designed 
to investigate possible effects of phenylephrine or 
g lucagon on mitochondrial Ca eff lux induced by EGTA . Ca 
efflux under those conditions is beli eved to occur by the 
reversal of the electrophoretic uniporter as both 
processes are sensitive to Ruthenium Red (Reed & Bygrave, 
1974b; C. Ramachandran & F.L. Bygrave, unpublished 
ob servations) . Also, EGTA-induced Ca efflux is not 
associated with the collapse of the membrane potential 
(C. Ramachandran & F.L. Bygrave, unpublished observations). 
The re s ults indicate that phenylephrine and gl uca gon both 
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Fig . 5.6: Eff ect of a - and B- adrenergic antagonists on alteration of 
mitochondrial Ca flu.xes induced by epinephrine . 
For experimental details refer to f-jgs. 5.l (n), 5.l(b) and 5.4. 
The ability of control ~1d treated mitochondria to take up and retain 
add ed Ca were compared. Symbols indicate treatments employed as 
follows: a,d: (o ) control, (• ) epinephrine, 10- 6 M; b,e: (o) 
phenoxybenzaminc , 10- 5 M, (• ) epinephrine, 10- 6 N plus phenoxy-
benzaminc; c,f: 10- 5 M (o) propranolol , 10- 5 M, (• ) propranolol 
10- 5 M plus epinephrine, 10- 6 M. 
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Table 5.1: Effect of glucagon and phenylephrine treatment 
on mitochondrial Ca efflux induced by EGTA 
Pretreatment of 
mitochondria 
None 
Glucagon 10- 7 M 
None 
Phenylephrine 10-s M 
Initial rate of Ca efflux 
(nmol Ca/mg protein/min) 
28 ±2 .0 
12.6±2.7 
28 ± 4 .1 
13 ±2 .5 
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Control or hormone-treated mitochondria were prepared as described 
in th e l egend to Figs. 5.l(a), 5.l(b). Ca tran sport was determined as 
described in the legend to Fig. 5.1 with the following changes. No 
permeant anion was added to the incubation medium. Ca uptake was 
allowed to reach a steady-state and EGTA .(final concentration 2 mM) 
was added (3 min. after th e initiation of Ca transport) to induce Ca 
efflux. Samples of the suspension were taken at appropriate times 
thereafter and mixed with quench medium (see Chapter 2) to determine 
Ca efflux. Results are reported as the Mean ±S . E.M. for three 
separat e experiments. 
inhibited by approximately 50 % the initial rate of mito-
chondrial Ca efflux induced by EGTA. 
Eff ect of phenylephrine treatment on mitochondr ial 
adenine nucleotide content~ nicotinamide adenine nucleotide 
oxidation and components of protonmotive force 
The potential involvement of adenine nucleotides, 
nicotinamide adenine nucleotide oxidation and components 
of protonmotive force in Ca retention by mitochondria has 
been described (Prpic et a l., 1978; Chapter 4). Possible 
effects of phenylephrinc on these mitochondrial parameters 
were therefore investigated. 
Table 5.2 shows that the ADP and total adenine 
nucleotide contents of mitochondria obtained from rat 
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Table 5 .2 : Effect of phenylephrine treatment on adenine 
nucleotide content and on the components of 
the protonmotive force in rat liver mitochondria 
ATP 
(µmoles/g protein) 
ADP 
(µmoles/g protein) 
AMP 
(µmoles/g protein) 
ATP + i\DP + AMP 
(µmol es / g protein) 
Membrane potential (mV) 
Transmembrane pH 
gradient (mV) 
Protonmot i ve force (mV) 
Stat e 3 r espiration 
(n gatom 0/min/mg of 
protein) 
Sta t e 4 respiration 
(n gatom 0/min/mg of 
protein) 
Acceptor control ratio 
Control livers 
2.0 ±0.86 (6) 
8.1 ± 1. 86 ( 6) 
3.0 ± 0. 57 (6) 
13.6 ± 3. 06 (6) 
149.5 ± 0. 5 (3) 
80.6 ± 1. 3 ( 3) 
230.3 ± 1. 1 (3) 
128 ± 27 (4) 
41.3 ±9 .5 (4) 
3.11±0 . 26 
t test 
+ P < o. 1 
++ P < 0.01 
* P < 0. 005 
** P<0.0025 
Pheny l ephr l ne-
treated livers 
2.6 ±0 .76 (6)+ 
13. 1 ± 1. 51 (6) ** 
3. 7 ± 0. 97 (6) + 
19.5 ± 1.11 (6) ** 
153 . 1 ± 1. 0 (3) ++ 
87 . 6 ± 1. 7 (3) ** 
240.6 ± 1. 6 (3) ** 
158 ± 25 ( 4) + 
38. 5 ± 7 . 1 (4) 
4 . 12 ± 0. 34 * 
Control and phenylephrine-treated mitochondria were prepared as 
described in th e legend to Fig . 5.1 . Adenine nucleotides, oxygen 
uptake and the component s of the protonmotive force were determined as 
described in Chapt er 2. The data are gi ven as th e ~lean ± S. D. Numbers 
in parenth eses indicate th e numb er of individual experiments . 
Accep tor control r ati o is (rate of r espi r ation in the presence of ADP) 
/ (rat e of r espir ation 1n the absence of ADP). 
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liv~rs perfused with phenylephrine were increased over 
their respective controls by approximately 50%. Phenyl-
ephri ne treatment also resulted in small changes in 
component s of the protonmotive force and in the acceptor 
control ratio. There was a very small increase in the 
membrane potential, but signific ant increases of about 6 
and 10 mV occurred in the transmembrane pH gradient and 
protonmotive force, resp ec tively. Small, but significant, 
increases in th e mitochondrial acceptor control ratio and 
ADP-stimulated respiration were observed following phenyl-
ephrine treatment. Titheradge & Coore (1976b) found no 
increase in the transmembrane pH gradient, but they found 
a stimulation of ADP-stimulated respiration 1n mito-
chondria i s olat e d from rat s pretreated with epinephrine . 
It is of interest that similar changes in adenine 
nucleotide content, acceptor control ratio and the 
components of protonmotive force were reported in a 
previous s tudy of the effect of glucagon on these 
parameter s and Ca retention (Prpic e t al. , 1978; Chapter 
4) . 
Mitochondrial NADH and NADPH oxidation induced by 
addition of oxaloacetate was also determined by measuring 
the difference in the absorpti?n spectrum at 340-370 nm 
(see Ch apter 4) . As was the case in that study and as is 
shown in Fig . 5.7, two kinetically distinguishable phases 
of oxnloacetatc - induccl oxidation o[ pyridine nucleotides 
were ob se rved. En zymntic ana l yses of the pyridine 
(a) 
0 200 
Time (sec) 
(b) i 
I 4 µM NAO{P)II 
0 200 
Time (sec) 
400 
Fig. 5 . 7: Effect of phenylephrine treatment on the ahility of rat 
liver mitochondria to oxidise nicotinamide adenine nucleotides ~n 
the presence of oxaloacetate . 
Control (a) and phenylephrine-treated (b) mitochondria were 
prepared as described in Fi g . 5.l{a) , 5.l(b) . The ability of control 
and phenyl ephrine- treat ed mitochondri a to oxidise nicotinamide adenine 
nucl eo tides in r esponse to oxaloacetate addition were then compared . 
Chan ges in nicotinamide adenine nucl eot i de r edox state were measured 
as described in Chapt er 2. The r eaction medium contained in a total 
volume of 2 . 5 ml: 130 mM-sucro se , 65 mM-KCl, 3 mM-l lepes, 5 mM-MgC12' 
0.2 mM- Pi, 4 JJM-rotenone, 1 mM-sodium s uccinate and 3.5 mg of mito-
chondria l protein. Th e t emp erature ,~as 25 °C and the pH 7 . 2 . The 
arrow indicate s the addition of 1250 nmol sodium oxaloacctate. 
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nucleotides made over the course of the oxidation trace 
revealed that essentially all NADH oxidation occurred 
during the initial rapid portion of the trace and that the 
bulk of the NADPH was oxidised more s lowly over the latter 
slower portion of the oxidation profile (Chapter 4). 
It is seen from the data in Fig. 5.7 that phenyl-
ephrine treatment did not significantly alter mito-
chondrial NADH oxidation in the system described, but 
caused a marked decline in the rate and extent of NADPH 
oxidation as indicated by the much slower second portion 
of the oxidation trace. Again, it is noteworthy that 
these phenylephrine-induced changes parallel those 
previously reported concerning the action of glucagon on 
mitochondrial nicotine adenine nucleotide oxidation and 
attenuation of Ruthenium Red-sensitive Ca efflux (Chapter 
4) . 
DISCUSSION 
The experiments reported here indicate that a-
adrenergic stimulation of the isolated perfused liver 
induces changes in many mitochondrial energy-linked 
reactions which are similar to those exerted by glucagon. 
This finding, together with the lack of any inhibitory 
effect of puromycin or cycloheximide on the hormone-
induced changes to the mitochondria in this system, are 
among the items of new information provided by the work 
described in this chapter. 
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Hughes & Barritt (1978) already have demonstrated 
that perfusion of rat liver with glucagon leads to 
enhanced mitochondrial Ca retention. Th e majority of 
their data was obtained, however, following the perfusion 
of the organ with the hormone for up to 60 min . In the se 
circumstances, -the hormone -induced changes were completely 
prevented by co-perfusion with cycloheximide. 
Data in the present study agree with those of Hughes 
& Barritt (1978) to the extent that perfusion of rat liver 
with glucago n leads to an enhancement of mitochondrial Ca 
retention (Figs. 5 .1, 5. 2). They differ on the other hand 
in several important respects that bear directly on the 
elucidation of the mechanism by which the hormones induce 
in situ the changes in the mitochondria. The present 
study emp lo yed "he avy " mitochondria, now known to be 
enriched in their ability to carry out Ruthenium Red-
se nsitive Ca transport (Bygrave et al. , 1978b), and showed 
that exposure of liver s to glucagon for times as short as 
4 min. produces significant prolongation of mitochondrial 
h 
Ca retention. The a -adrenergic agonist, phenyle~rine 
exerted it s effects even more rapidly being evident at 2 
min. and maximal at approximately 7 min. Where tested, 
the effects of phenylephrine were mimicked by the a-
adrenergic component of the natural agonist, epinephrine. 
Within the time period examined (7 min.), no B- adrenergic 
effects of thi s catecholamine on mitochondrial Ca uptake 
or retention were detected. The rapidity with which 
glucagon exerted it's effects on mitochondrial energy-
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linked reactions in the present study is consistent with 
data presented elsewhere (Yamazaki, 1975; Yamazaki et al., 
1977; Bryla e t al. , 1977). 
The second important finding 1n this work was that 
the short-term exposure of rat liver to hormones leading 
to alterations in mitochondrial Ca fluxes were completely 
unaffected by cycloheximide or puromycin thus rendering 
unlikely any mechanism of hormone action that purportedly 
implicates the involvement of protein synthesis (cf. 
Dorman et al. , 1975; Hughes & Barritt, 1978; Prpic et 
al. , 19 7 8 ; see a 1 so Si es s & W i e 1 and, 19 7 9) . 
The findings made here that a-adrenergic agonists on 
the one hand, and glucagon on the other, induce similar 
changes to liver mitochondria ~n situ is of especial 
interest, particularly since, by contrast with glucagon, 
a -adrenergic activation of glycogenolysis and gluconeo-
genesis in hepatocytes occurs by mechanisms not involving 
an increase in total cellular cAMP or activation of the 
cJ\~lP-dcpendcr'lt protein kinase (Cherrington e t al. , 
1976). 
Clearly both hormones promote Ca retention by liver 
mitochondria as a consequence of both an enhanced Ca 
uptake and an inhibited Ca release; i.e. by alteration of 
both components of the mitochondrial Ca-translocation 
cycle (Bygrave, 1978a). It is of interest that glucagon 
and phenylcphrine can inhibit hoth Ruthenium Red-sensitive 
(EGTA-induced, Table 5.1) and Ruthenium Red -insensitive 
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(induced by oxidation of pyridine nucleotide s ) Ca efflux 
(Chapter 4). Presumably th ese changes are associated with 
the same change(s) that induce the increases in adenine 
nucleotide content, protonmotive force and ADP-s timulated 
re spira tion and a decreased ability to carry out oxalo-
acetate-induced NADPH oxidation. As discussed elsewhere 
(Prpic et ai ., 1978; Chapter 4), these changes in mito-
chondria could have a significant inf luence on mito-
chondrial Ca fluxes. 
Halestrap (1978c) has evinced data indicating that 
electron flow is stimulated as a re sult of glucagon action, 
between cytochromes c 1 and c and ha s suggested that this 
. is due to phosphorylation of cytochrome c (which is 
located on the outer s urface of the inner mitochondrial 
membrane) by cA~IP- dependent protein kinase. In the 
case of a- adrenergic agonists, evidence is accumulating 
that Ca-stimulated phosphorylation may be involved in 
their action (Garrison, 1978) and in view of the similar 
modes of action of a-adrenergic agonists and glucagon on 
mitochondrial Ca fluxes, a simi lar mechanism may operate 
here. 
Another question raised in the present study is how 
the findings relate to observations in intact liver cells 
(Chen et aL , 1978) and perfused livers (Blackmore et al., 
1978, 1979a,c) showin g that the initial effect of a-
adrenergic s timulation is to cause a large release of Ca 
from intracellular organelles including mitochondria. The 
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early phase of mitochondrial Ca los s (Fig. 5.3) that would 
lead initially to a rise in cytosolic Ca may be due to a 
transient non-stable change 1n the mitochondria, i.e. the 
action of a natural ionophore, which does not result in 
alterations that can be detected after mitochondria have 
undergone the several steps involved in their isolation. 
The s tabl e alterations seen here would then relate to the 
"recovery phase" of hormone action in the liver, 
especially when the mitochondrial Ca content is near-
maximally depleted and when Ca re-accumulation by the 
mitochondria becomes apparent. 
Although much additional work is required to 
determine the nature of the change·s in liver mitochondrial 
function induced by a-adrenergic and by glucagon 
stimulation, the present findings provide another example 
of the remarkable similarity of the effects of these two 
hormone s in the liver and introduce the possibility that 
their respective mechanisms of action may have a number of 
common features. Appropriate deployment of the 
experimental system described here should provide further 
information both on these points and on the mechanism and 
role of the mitochondrial Ca-translocation cycle in cell 
metabolism (Bygrave, 1978a). 
CHAPTER 6 
MATURAT ION IN LIVER MITOCHONDRIA OF 
RUTH EN IUM RED-SENSITIVE CALCIUM TRANSPORT 
ACTIVITY AND THE INFLUENCE OF GLUCAGON 
ADMINISTRATION IN VIVO AND IN UTERO 
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SUMMARY 
The maturation of Ca tran sport in mitochondria iso-
lated from rat liver was examined over the developmental 
period beginning S days before birth . The mitochondria 
used in these studies were isolated from liver homogenates 
by centrifugation at relatively low centrifugation forces 
(4000 to 8000 g .m in) . 
Ca transport by mitochondria isolated from foetal 
liver is energy-dependent and Ruthenium Red-sensitive . 
The transmembrane pH gradient in these mitochondria is 
higher by about 7 mV and the membrane potential lower by 
about 20 mV than in adult mitochondria (cf . Chapter 3). 
The inclusion of 2 mM-Pi in the incubation medium enhances 
the protonmotive force by approximately 30 mV. Foetal 
mitochondria also show atractyloside-sensitive rates of 
state 3 respiration and exhibit acceptor control ratios of 
at least 2. 
The initial rate of Ca transport 1n foetal mito-
chondria is low until around 2 to 3 h after birth when it 
increases to about 60 % of adult values; approximately 24 
h later it has reached near-adult values . Much higher 
rates of Ca transport are observed in the presence of 2 
mM-Pi; 3 to S days b fore birth, the rate is almost 
adult-like but as birth approaches the rate declines sig-
nificantly. By2 to 3 h postpartum it has again reached 
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adult values. The inclusion of 12.5 µM MgATP with the Pi 
lead s to virtually identical values for the initial rate 
of Ca transport at all stages of development studied, to 
that seen in adult mitochondria. 
Mitochondria isolated from foetal livers 4 to 5 days 
before birth retain the accumulated Ca for about 50 min. 
in the presence of 2 mM-Pi. In the period 2 days before 
birth to birth, this ability is largely lost but by 2 to 3 
h .after birth, Ca retention is similar to that seen in 
adult mitochondria. The presence of 12.5 µM MgATP 
progressively enhances the Ca retention time as develop-
ment proceeds until 2 to 3 h after birth when it becomes 
less sensitive to added MgATP . 
Glucagon administration to older foetuses in utero 
enhances both the initial rate of mitochondrial Ca trans-
port assayed in the presence of 2 mM-Pi and the time for 
which mitochondria retain accumu lated Ca in the presence 
of 12.5 µM MgATP and 2 mM-Pi. Its administration to neo-
nates leads to an increase in mitochondrial Ca retention 
similar to that seen in adult mitochondria (Chapter 3). 
The data provide evidence that the Ruthenium Red-
sensitive Ca transporter is potentially as active in 
foetal mitochondria 5 days before birth as in adult. The 
data are discussed also in terms of some undescribed 
features about energy-linked reactions in foetal mito-
chondria and mitochondrial Ca transport in particular and 
in terms of some clues about their possible mode of 
control: 
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INTRODUCTION 
It is well documented tha t mitochondria develop from 
pre-existing structures by a complex process of maturation 
that requires the activity of two genetic systems, one of 
the organelle itself and the other of the nucleus and 
cytoplasm (reviewed by Schatz & Mason, 1974; Pollak, 1977; 
Schatz, 1979; Po llak & Sutton, 1979). In mammalian 
tissues, mitochondrial biogenesis progresses throughout 
the period of foetal development, but is especially rapid 
soon after birth, leading to fully functional organelles 
(see for example Pollak, 1977; Pollak & Sutton, 1979). 
The activity of mitochondrial energy-linked reactions 
like the acceptor control ratio, swe llinglo ~ Ca transport, 
have been shown to be low in organelles isolated from 
early or late foetal liver (Mintz et al ., 1967; Hallman, 
1971; Nakazawa et al ., 1973; Pollak, 1975; Bygrave & 
Ash, 1977). These low functional activities exhibited by 
foetal mitochondria have been attributed to the low endo-
genous adenine nucleotide content which increases 
significantly a few hours after birth (Ballard, 1971; 
Nakazawa et al ., 1973; Sutton & Pollak, 1978). As well, 
the maturation of foetal mitochondria may be mimicked in 
vitro by pre -i ncubatin g the mitochondria with MgATP 
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(Hallman, 1971; Nakazawa et al. , 1973; Pollak, 1975; 
Bygrave & Ash, 1977) or by intra-uterine administration of 
glucagon to the foetus (Sutton & Pollak, 1980), a hormone 
that attains a hi gh serum concentration at birth (Girard 
et a l., 1977). 
Adult rat liver mitochondria show a high degree of 
heterogeneity in regard to their sedimentation behaviour 
(Satav et al. , 1973, 1976; Bygrave et al. , 1978b). It 
ha s been observed for instance that "li ght" mitochondria, 
i.e. tho se that sediment at relatively high forces of 
centrifugation show higher incorporation of 14 C leucine 
(Satav et a l., 1976) and lower Ca trans,port and 
re spira tory control ability when compared to a "heavy" 
mitochondrial population which sediments at relatively 
lower centrifugation forces (Bygrave et al. , 1978b). In 
thi s respect, the "ligh t" mitochondrial population 
isolated from adult rat liver is similar to foetal mito-
chondria and may represent premature and developing mito -
chondrial structures (Satav et al. , 1973, 1976; Bygrave 
et al ., 1978b). Hetero geneity of mitochondrial 
populations ha s been observed also in foetal rat liver 
(Pollak & Munn, 1970; Pollak, 1975) as well as in yeast 
growing anaerobically (Lenaz et al. , 1971) and in flight-
muscle of the developin g sheep blowfly Lucilia cuprina 
(Smith & Bygrave, 197 8). It is the "heavy" mitochondrial 
fraction which undergoe s sudden developmental changes soon 
after birth (Pollak, 1977) or 1n the case of yeast, 
following derepression (Lenaz e t al ., 1971). 
132 
Becaus e many of the previous studies on mitochondrial 
biogene s is have been performed largely with "light" mito-
chondrial fractions obtained by standard i s olation 
procedures (discussed in Pollak, 1977; Bygrave et al ., 
1978b), it would seem that some of the previous findings 
claiming, for instance, an ab s olut e r equirement for MgATP 
for the fuli expre s sion of energy-linked reactions 
(Nakazawa et al ., 1973; Pollak, 1975; Bygrave & Ash, 
1977), require re-evaluation. In thi s chapt er, we have 
re-examined Ca transport activity in mitochondria during 
the development of rat liver using a procedure for 
isolating a "heavy" mitochondrial population already 
adopted in this laboratory (Prpic et al ., 1978). The data 
reveal that a s early as 2 to 3 hours after birth, liver 
mitochondria already have developed an adult-like ability 
to transport Ca. 
The data reveal a number of new features about mito-
chondrial Ca transport in relation to liver development. 
Especially revealin g are data showin g that as early as 5 
day s before birth, intact liver mitochondria possess an 
almo s t adult-like ability for the inward transport of Ca 
and exhibit a remarkable capacity to retain high 
conc entration s of Ca in the presence of Pi . As well, they 
s how that the s e capacities decline to minima just prior to 
birth and that by 2 to 3 h after birth, they exhibit 
adult-like abilitie s for initial rates of Ca transport and 
retention. 
RESULTS 
Ca transport by mitochondria 
during development of liver 
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The ability of mitochondria to transport Ca has been 
shown to be very low or absent in the perinatal period of 
liver development (Nakazawa e t al ., 1973; Pollak, 1975; 
Bygrave & Ash, 1977). In the se studies, mitochondria 
usually were obtained by centrifugation of the homogenate 
at relatively high forces of centrifugation. Because of 
the recent finding that "heavy" mitochondria, obtained at 
relatively low forces of centrifugation, are enriched in 
their ability to transport Ca (Bygrave et al ., 1978b), it 
seemed important to re-examine the maturation profile of 
Ca transport over the developmental period using 
preparations of "heavy" mitochondria. 
Fi g . 6.1 shows the pattern of Ca transport and 
retention by mitochondria isolated from livers of 3 h-old 
neonatal rats. Fig. 6.l(a) reveals that under the 
experimental conditions employed , Ca transport was 
considerably enhanced both in terms of initial rate and 
attainment of the steady-state rate when 2 mM-Pi or 2 mM-
Pi plus 12.5 µM-MgATP wa s included in the reaction medium. 
In these latter situations, the mitochondria already had 
accumulated up to 80 nmol of Ca per mg of mitochondrial 
protein as early as 10 s after the reaction was initiated. 
Unless indicated otherwise, initial rate data are 
expressed i n terms of nmol of Ca accumu lated per 30 s per 
mg of mitochondrial protein. 
Fig. 6.1: Ca t ranspor t and r etention by mitochondria isolated from 
livers of 3 h-old neonatal rats . 
I I 
Mitochondria were isolated from neonatal livers as described in 
Chapter 2. Ca transport was performed under the following conditions: 
230 mM-sucrose, 10 mM-KCl, 5 mM-Hepes buffer (pH 7.4), 5 mM-sodium 
succinate, 1 µM-rotenone, 2 mg of mitochondrial protein and 200 nmol 
of 45 Ca. The temperature was 25 °C and the final volume 2.0 ml. Pi 
(2 mM) was added with or without MgATP as indicated 15 s prior to the 
initiation of Ca transport. Data shown are representative of a series 
of experiments which gave similar results. 
Fig . 1 (a): [';., no additions; 
o , 2 mM-Pi present; 
•, 2 mM-Pi plus 12.5 µM-MgATP present. 
Fig. 1 (b) : 2 mM-Pi was present alone (o) or with 
., 6 . 25 µM-MgATP; 
[';., 12.5 µM-MgATP; 
.t. ' 25 µM-MgATP; 
o, 37.5 µM-MgATP . 
1 34 
(a) 
? 100 
· rl 
Q) 
.µ 
·-· 
0 
• H 
°' 
~ 80 
-o-o----0 0 
bO 
E 
H 
Q) 60 
°' 
.-4 
0 A E A--r:: 
I .._, c1l 40 •rl H "O r:: 0 
..c A u 20 0 µ 
•rl 
E 
r:: 
·rl 
c1l 
u 0 20 40 60 
Time (sec) 
,-.. (b) 
r:: 
· rl 100 Q) 
.µ 
0 
H a-c ~ 0
•--....._. 0-0-....0\ °' -t,·-·-~ 80 - A-A--A 0 
'" \ bO \•,. ,. E 
H 
Q) 
°' 60 0 a 
.-4 \ 0 E C .._, c1l 
•rl 40 \\ H "O C A • 0 \ \ ..c u 0 .µ 20 •rl o," A E r:: 0 • 
\A 
a, 
•rl 
c1l 
u 
0 10 20 30 40 so 60 70 
Time (min) 
135 
Fig. 6.l(b) illustrates the pattern of Ca retention 
by the same mitochondria when incubated in the presence of 
2 rnM-Pi and various concentrations of MgATP. In the 
absence of the metal nucleotide, release of Ca occurs soon 
after the mitochondria have accumulated 80 to 90 nmol of 
Ca per mg of mitochondrial protein in about 10 s (cf. Fig. 
6.l(a)). By approximately 8 min., the mitochondria have 
released 50% of the Ca originally accumulated . However, 
as the concentration of MgATP initially added is increased, 
a corresponding increase in ability of the mitochondria to 
retain the ion is seen . The concentrations of MgATP 
required to enhance retention are much less than those 
previously employed to enhance energy-linked reactions 1n 
foetal liver mitochondria (Hallman, 1971; Nakazawa et al., 
1973; Pollak, 1975; Bygrave & Ash, 1977). Unless 
indicated otherwise, Ca retention is assessed by measuring 
the time for which 50 % of the accumulated Ca is retained 
by the mitochondria. Also, in the majority of experiments, 
12.S µM-MgATP was employed where indicated. 
Ca influx studies 
Data in Fig . 6.2 show that in the absence of added Pi, 
the initial rate of Ca transport as measured by the amount 
of Ca accumulated in 30 s is low in mitochondria isolated 
from foetal liver, but that by 2 to 3 h after birth it 
increases significantly to be approximately 60 % of adult 
value s ; approximately 24 h later it has reached near-
adult value s . 
Fig. 6.2: Initial rate of Ca t ranspor t in rat liver mitochondria 
du:r>ing development . 
Mitochondria were isolated from livers of rats of various prenatal 
and postnatal ages as described in Chapter 2. Ca transport was 
performed under the following experimental conditions: 230 mM-
sucrose, 10 mM-KCl, 5 mM-Hepes buffer (pH 7.4), 5 mM-sodium succinate, 
1 µM-rotenone, 2 mg of mitochondrial protein and 100 nmol of Ca per mg 
of mitochondria . The temperature was 25 °C and the final volume 2 . 0 
ml. Pi (2 TI1J\1) was added with out or with 12 . 5 µM-MgATP to the 
incubation medium as indicated 15 s prior to the addition of the 45 Ca. 
Data shown are means ±S . E.M. of 3 or more independent experiments in 
which 10 to 20 foetal livers or neonatal livers were pooled. The 
exceptions are values for adult mitochondria in which livers were not 
pooled prior to the isolation of mitochondria and data for 5-day pre-
term foetuses which represent a single experiment in which mito-
chondria were isolated from 35 pooled livers . 
~, no additions; 
o , 2 mM-Pi present; 
• , 2 mM-Pi plus 12.5 µM-MgATP present. 
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When 2 mM-Pi is included in the incubation assay, 
very much higher rates of Ca influx are observed at all 
stages of liver development examined. Particularly 
significant is the finding that mitochondria isolated from 
livers of foetuses 3 to 5 days before birth, exhibit 
initial rates of Ca transport that are almost as great as 
those exhibited by mitochondria isolated from adult 
rat liver. Ca transport in mitochondria isolated from 
older foetuses is markedly less. As in the ab s ence of 
added Pi, a pronounced increase in Ca transport occurs 
immediately after birth; by 2 to 3 h post-partum the 
initial rates of Ca influx are similar to those observed 
1n mitochondria isolated from adult liver. 
The inclusion of 12.5 µM-MgATP (see above) with 2 mM-
Pi in the incubation medium leads to a stimulation of Ca 
transport activity in foetal mitochondria of all ages. 
The resultant activity is virtually identical to that seen 
with mitochondria isolated from adult liver. 
Ca r etention s tudies 
In recent years, the ability of mitochondria to 
retain accumulated Ca has been recognised as a potential 
site for the action of physiological stimuli that may 
influence the redistribution of intracellular Ca (McIntyre 
& Bygrave, 1974; Dorman e t a l., 1975; Prpic e t aL, 1978; 
Hughes & Barritt, 1978, 1979). In the present study, 
experiments were conducted in which mitochondria were 
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isolated from rat livers at the indicated stages of 
development, allowed to accumulate Ca in vitro and the 
time determined for which accumulated Ca was retained by 
the mitochondria. The experiments were conducted with 
12.S µM-MgATP either absent from or present in the 
incubation medium. 
Data in Fig. 6.3 reveal that at the earliest stages 
of development examined (4 to S days before birth), mito-
chondria exhibit a markedly pronounced ability to retain 
accumulated Ca which exceeds by several-fold that seen in 
adult mitochondria despite the fact that similar amounts 
of· Ca were accumulated (see Fig. 6.2). The presence of 
12.S µM-MgATP has little effect on such retention. As the 
foetal liver matures, a marked decline in ability of the 
mitochondria to retain Ca occurs; in the period 2 days 
before birth to birth, Ca retention is as low as at any 
stage of development but is still enhanced by the presence 
of MgATP in the reaction medium. By 2 to 3 h after birth, 
the ability of mitochondria to retain Ca is the same as 
that in adult liver mitochondria. This retention is 
enhanced considerably by the presence of MgATP. However, 
as development proceeds further, retention progressively 
becomes less sensitive to added MgATP. 
Fig . 6.3: Mitochondrial Ca retention in rat liver mitochondria during 
development . 
Mitochondria 1vere isolated from livers of rats of various prenatal 
and postnatal ages as described in Chapter 2 . Ca transport was 
carried out as indicated in Fig. 6.2 employing similar experimental 
conditions . The temperature was 25 °C and the final volume 2.0 ml. 
Pi (2 mM) was present in all reaction mixtures. Open circles are 
assays without and closed circles are assays with a pre-incubation of 
the mitochondria with 12.5 µM-MgATP for 15 s prior to the addition of 
45 Ca . The data represent means ±S.E.M. of 3 or more independent 
experiments except for data with 5-day preterm foetuses which 
represent a single experiment in which mitochondria were isolated from 
pooled livers of 35 foetuses. In other independent experiments, mito-
chondria were obtained from pooling the livers of 10 to 20 foetuses or 
livers from 10 neonates . 
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Characteristics of energy-linked r eactions in 
mitochondria isolated from fo etal rat liver 
Effects of inhibitors and uncouplers 
of oxidative phosphorylation: 
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As s hown in Figs. 6.2 and 6.3, mitochondria isolated 
from livers of foetuses 3 to 4 days prior to birth or 
earlier, exhibit a remarkable capacity for Ca transport 
and Ca retention. It was desirable to examine therefore 
some characteristics in these mitochondria of the Ca 
tran sport system and other energy-linked reactions. 
Data in Fig . 6.4(a) show that 86 nmol of Ca per mg of 
mitochondrial protein could be accumulated by the mito- · 
chondria within 60 sand retained for at least 20 min . 
Thi s accumulation was 'blocked by approximately 75 % when 
1 µM-Ruthenium Red was also present in the reaction medium. 
Moreover, the presence of a range of compounds known to 
prevent the generation of ATP or th e protonmotive force, 
completely inhibited any Ca transport activity. 
Data in Fig . 6.4(b) show that addition of 0.1 µM-car-
bonyl cyanide ch lorophenylhydraz one (CCCP) to mitochondria 
th a t already had accumulated Ca, induces a rapid efflux of 
the ion. By l min. after the addition of the uncoupler, 
approximately 50 % of the accumulated Ca had been released . 
Protonmotive force and respfr•atory bPhaviour : 
Data in Table 6 .1 s how values for the components of 
the protonmotive force i n 4 days prenatal liver mito-
chondria. The membrane potential as measured in the 
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Fig . 6 . 4: Effect of various inhibitors of mitochondrial energy- linked 
reactions on Ca influx and Ca efflux in mitochondria isolated from 
livers of rat foetuses of age 4 days preteY'rrI. 
Ca transport (with 100 nmol Ca/mg of mitochondrial protein 
initially present) was carried out in a medium similar to that 
described for Fig. 6.2 following a 15 s pre-incubation of the mito-
chondria with 12.5 µM-MgATP and 2 mM-Pi. 
o , no inhibitors present; 
• , 1 µM-Ruthenium Red added 20 s before initiation of Ca transport; 
~, 1 µM-CCCP, 1 µM-va linomycin, 1 µM-antimycin A, 1 µM- rotenone were 
added together, 20 s before initiation of Ca transport. 
In Fig . 6.4(b), 0.1 µM-CCCP (o ) was added at the point indicated with 
an arrow; o , no added CCCP. 
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Table 6.1 
Measurement of the components of the protonmotive force in 
mitochondria isolated from livers of rat fo etuses 4 days preterm 
Condition Membrane Transmembrane Protonmotive 
of medium potential pH gradient force 
(mV) (mV) (mV) 
Pi absent 134. 4 ± 0. 6 89. 4 ± 1. 9 224.0 ±2.3 
2 mM Pi present 166.0±0.2 87. 2 ± 2. 1 253.4 ±2.3 
The components of the protonmotive force were measured exactly as 
described in Chapter 2 assuming a matrix volume of 0.4 µl per mg of 
mitochondrial protein. Data represent means ±S .D. of 8 values 
obtained from 2 independent experiments. 
absence of added Pi (134 mV) 1s approximate l y 20 mV less 
than in adult mitochondria and the transmembrane pH 
gradient (89 mV) slightly greater (cf. Prpic et al., 1978). 
Thus the protonmotive force is approximate ly 10 mV less 
than that measured in adult mitochondria. 
The presence of 2 mM-Pi in the incubation mixture 
induces an increase of s ome 30 mV in the membrane 
potential but the anion has no significant effect on the 
transmembrane pH gradient . Thus the protonmotive force is 
also enhanced by approximately 30 mV by the presence of Pi. 
Concomitant with the se findings, mitochondria 
isolated from foetal liver consistently exhibited acceptor 
control ratio s of greater than 2 . As well, stimulation of 
repiration by ADP could be prevented by the prior addition 
to the medium of low concentrations of atractyloside (Fig. 
6. 5) . 
Fig. 6.5: Respiratory behaviou:r in foetal mitochondria . 
Mitochondria were isolated from livers of rats at the ages 
indicated . Respiration was measured in media containing in a final 
volume of 2. 5 ml : 50 mM-KCl, 100 mM-sucrose, 15 mM-Tris-HCl, 10 mM-
potassium phosphate, 2 mM-MgS0 4 , 1 mM-EDTA, 1 µM-rotenone and 2.5 mg 
of mitochondrial protein. ADP (120 µM) was added as indicated with or 
without the previous addition of 1 µM atractyloside (ATR). The 
numbers represent the rates of oxygen consumption in ngatom oxygen/ 
min/mg protein . The age of the livers from which mitochondria were 
isolated are (a) 4 days preterm, (b) 2 days preterm, (c) 1 day 
preterm, (d) at birth, (e) adult. 
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Fig. 6.6: Ability of 4-day prena.tal mitochondria to swell . 
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Swelling of 4-day prenatal liver mitochondria was initiated by the 
addition of 200 nmol Ca to th e reaction medium of composition similar 
to that described for Ca retention studies (see Fig . 6. 2). Changes in 
the absorbance at 520 nm (1 cm light path at 25 °C) were measured in 
foetal (o) or adult (6) mitochondria in the presence of 2 mM-Pi. 
Swelling was measured also in foetal mitochondria following a pre-
incubation with 12.5 µM-MgATP plus 2 mM-Pi (•). 
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Swelling : 
Data in Fig. 6.6 show that under the experimental 
conditions employed to determine Ca transport (cf. Figs. 
6.2 and 6.3), foeta l mitochondria swell in a manner 
similar to that of adult mitochondria. Moreover, the 
presence of 12.5 µM MgATP prevents the Ca-induced swelling 
in f oetal mitochondria similar to the effect of higher 
concentrations of the substance on swelling in adult mito-
chondria (C . Ramachandran & F.L. Bygrave, unpublished 
observations). The low concentrations of MgATP employed 
in these experiments do not prevent swelling by adult 
mitochondria (data not shown). 
Influence of glucagon administration in vivo on Ca 
transport by liver mitochondria during liver development 
Because glucagon administration in vivo has been 
shown to influence a range of mitochondrial energy-linked 
reactions including Ca transport .(Yamazaki, 1975; Hughes 
& B arr it t , 19 7 8 ; Pr p i c e t a 7,. , 1 9 7 8 ) ( Ch a p t e r 3) and P i 
transport (Barritt et aZ. , 1978) as well as Ruthenium Red-
insensitive Ca transport by fractions isolated from the 
endoplasmic reticulum of rat liver (Bygrave & Tranter, 
1978; P .H. Reinhart & F.L . Byg rave, unpublished observa-
tion s) and rat hepc1t ocytes (Taylor et aL , 1979; W. M. 
Taylor, P.II. Reinhart, N. H. Hunt & F.L . Bygrave , unpub-
li s hed observations), i t was impor tant to as s ess its 
effect s on Ca transport in foetal mitochondria. 
Data in fig. 6. 7(b) show, ho1vever , that administration 
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Fig . 6. 7: Effect of glucagon administration in utero on the initial 
rate of Ca transport in the mitochondria subsequently isolated 
from rat liver. 
• 
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Glucagon (10 µg/foetus) was injected in utero into foetuses of age 
1-day preterm. One h later the mitochondria were isolated from t he 
foetal livers and the initial rate of Ca transport (Fig . 6 . 7(b)) 
compared with that in the mitochondria isolated from control - inject ed 
foetuses (Fig. 6. 7(a)). Ca transport was performed in a medium 
similar to that described for Fig . 6.2. The incubation temperature 
was 25 °C. 
• , no addition; 
• , mitochondria plus 2 mM-Pi; 
Mitochondria were pre-incubated for 15 s with 12 . S µM-MgATP prior to 
t he addition of Ca with (o ) or without (6) 2 mM-Pi . 
Fig. 6.8: Effect of glucagon administration in vivo on Ca retention 
by mitochondria subsequently isolated from rat liver. 
Glucagon (10 µg /foetus or 2.5 µg/g body weight of neonates) was 
injected. One h l ater, the mitochondria were isolated from the liver 
and Ca retention measured under the conditions described in Fig. 6.1 
(b), except that 12.5 µM-Mg/\TP and 2 mM-Pi were used. Closed circles, 
hormone tr eated animals; open circles, control animals. 
Mitochondri a from 3-day preterm (a), 2-day preterm (b), 1-day 
preterm (c) and 1-day neonate (d) were pre-incubated with 2 mM-Pi and 
12.5 µM-MgATP for 15 s prior to the initiation of Ca transport. 
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glucagon in ut e ro to foetuses 1 day before birth leads to 
a marked increase 1n the initial rate of Ca transport when 
Pi also is included in the reaction medium. It was 
observed consistently that only when Pi was present did 
the initial rate of Ca transport increase following 
glucagon administration. In all other situations, i.e. 
with MgATP or MgATP plus Pi in the incubation medium, 
glucagon administration had little effect on Ca transport. 
The ability of glucagon to influence Ca retention by 
mitochondria isolated from liver during different stages 
of liver development is shown in Fig. 6.8. Little 
enhancing effect of glucagon is seen with mitochondria 
i solated from livers of 3-day preterm foetuses. However, 
within a day of, and subsequent to birth, glucagon 
administration in ut ero and in vivo leads to very 
pronounced increases 1n mitochondrial Ca retention, 
similar to that seen in adult "heavy" mitochondria (see 
Chapter 3). 
DISCUSSION 
Data in this chapte r draw attention to aspects of the 
maturation o f rat liver mitochondria. They especially 
reveal some hitherto undescribed features about energy-
linked reactions in foetal mitochondria, especially Ca 
tran sp ort and provide some clues as to their possible mode 
of control. 
It seems important to first reiterate that these 
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experiments were conducted with mitochondria isolated from 
homogenates by centrifugation at relatively low 
gravitational forces. This procedure was adopted in view 
of previous findings from this laboratory (Bygrave et al ., 
1978b) that "heavy" mitochondria are better able to 
transport Ca than mitochondria isolated at conventional 
forces of gravitation . Moreover, recent evidence has 
shown that heavy mitochondria may be more susceptible to 
hormone action in vivo than light mitochondria (Prpic et 
al. , 1978; Hughes & Barritt, 1978, 1979; Blackmore et 
al., 1979a,c). 
Data from two sets of experiments provided evidence 
for the integrity of the foetal mitochondria used in these 
experiments. The first was that preparations isolated 
fr om foe tal liver as early as 4 days before birth 
exhibited acceptor control ratios of at least two. More-
over, State 4 respiration was responsive to repeated 
additions of ADP. An important added finding in these 
experiments (Fig. 6.5) was that addition of 1 µM 
atractyloside completely blocked the stimulati on of 
respiration by ADP in 2-daypre-term mitochondria providing 
evidence for the existence of the atractyloside-sensitive 
adenine nucleotide translocase in these mitochondria at 
this early stage of development (see Pollak, 1975). 
The second set of experiments indicating the 
existence of intact mitochondria was that involving 
measurement of the protonmotive force which gave values 
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that were remarkably similar to those obtained for intact 
adult rat liver mitochondria (cf. e.g. Nicholls, 1974; 
Bygrave et al. , 1978b). 
De s pite the apparent complexities of the mechanism of 
mitochondrial Ca transport (reviewed by Mela, 1977; 
Bygrave, 1977, 1978; Carafoli & Crompton, 1978) and 
uncertainties about aspect s of the topic, some new 
information about the maturation of this process in rat 
liver mitochondria can be gained from the present data. 
Data from the initial rate experiments (Fig. 6.2), 
especially those obtained in the presence of 12.5 µM-MgATP, 
provide strong evidence that the Ca uniporter in rat liver 
is fully capable of transporting Ca as early as 5 days 
before birth. As well and as in fully mature mitochondria, 
the system already is sensitive to low concentrations of 
Ruthenium Red and exhibits a complete dependence on the 
membrane potential for translocation of the ion as judged 
by the effectiveness of inhibitors and uncouplers of 
oxidative phosphorylation (Fig. 6 .4). A further feature 
of Ca transport in foetal mitochondria concerns the almost 
absolute requirement for exogenous Pi. The reason for 
this is unclear at present. Nakazawa et a l. (1973) have 
reported that the concentration of endogenous Pi is 
similar in foetal and adult mitochondria. As well, 
Bygrave et al . (1978b) could not detect any correlation 
between the endogenous Pi concentration and Ca transport 
ability in mitochondrial fractions isolated from rat liver. 
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On the other hand, the values for Ca transport in foetal 
mitochondria measured in the absence of added Pi are 
similar to the values obtained when Ca transport in adult 
mitochondria was performed in the presence of N-ethyl 
maleimide to block Pi transport (cf. Fig. 6.2 with Prpic 
e t ai., 1978). It seems possible that foetal mitochondria 
may lack the Pi-cycling system operating in adult mito-
chondria (see e . g. Ramachandran & Bygrave, 1978). 
In this regard, it was of some interest that the 
transmembrane pH gradient in mitochondria isolated from 
liver s 4 days before birth is practically identical in the 
presence or absence of added 2 mM-Pi (Table 6.1), a 
situation that markedly contrasts with that in adult mito-
chondria. In the latter mitochondria, the transmembrane 
pH gradient is decreased some 20-50% upon the addition of 
2 mM-Pi to the incubation medium (see Nicholls, 1974; C. 
Ramachandran & F.L . Bygrave, unpublished observations). 
The behaviour seen in the foetal mitochondria would pre-
serve the alkalinity of the mitochondrial matrix upon Pi 
addition and may be relevant to the greatly increased Ca 
retention times seen in foetal mitochondria (Fig . 6.3). 
That the matrix pH may be related to the ability of adult 
mitochondria to retain Ca was alluded to in Chapter 3. 
Data from the retention studies indicate that liver 
mitochondria isolated as early as 5 days before birth are 
more resistant to the uncoupling action of Ca than at any 
other time of development. Indeed, they even may be more 
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resistant than hormone-treated mitochondria (see Chapter 
3) to such effects. It is noteworthy, however, that this 
resistance appears not to exist in liver mitochondria at 1 
to 2 days before birth to anywhere near the same degree. 
Unfortunately , a lack of information about the mechanism 
of Ca retention in mitochondria limits any rational 
interpretation of these findings. 
A second major point revealed in this work is that a 
marked enhancement in Ca transport and retention activity 
occur s immediately after birth . Data in Fig. 6 . 2 showed 
this was so in respect of the initial rate of Ca transport 
in th e absence or the presence of Pi , while data in Fig . 
6.3 s howed this to be s o for Ca retention in the absence 
and presence of 12.5 µM-MgATP. It is clear that by 2 to 3 
h after birth, Ca transport activity has a similar 
capacity as that seen in the mature adult mitochondria. 
The influence of MgATP 
It has been reported previously that addition of 2 mM-
MgATP to foetal mitochondria induces an enhanced ability of 
thes e or gan ell es to car r y out a ran ge of energy- l inked 
reactions (see Hallman, 1971; Nakazawa et a l. , 1973; 
Pollak , 1975; Bygrave & Ash , 1977) . In pre liminary expe r-
iments in the pre sent work, it was established that concen-
tration s of ~lg/\TP as Jo1v as 12 . 5 µM coulc.J inc.Jucc prolonged 
retention Ca in foetal mitochondria (Fig . 6 .l (b)) . 
It was of interest that 12.5 µM-MgATP produced 
different effects on the initial rate of Ca transport and 
Ca retention and that these effects also depended on the 
stage of mitochondrial development (Figs. 6.2, 6.3). In 
respect of the intitial rate of Ca transport and Ca 
retention, the substance had little effect at 4 to 5 days 
before birth. From 3 days before birth to birth, its 
enhancing effects were much more pronounced. However, by 
2 to 3 h after birth, 12.5 µM-MgATP no longer enhanced the 
initial rate of Ca transport (Fig. 6.2), yet it was 
precisely at this stage of development that it had its 
most pronounced effects on Ca retention (Fig. 6.3). These 
latter effects diminished gradually so that in the adult, 
this concentration of MgATP had little effect on Ca 
retention. Although these stimulatory efforts of MgATP 
are produced when the compound is added as late as 15 s 
before the start of the reaction, the mechanisms involved 
are almost completely unknown. However, it is clear from 
the above that MgATP may have at lea st two sites of action 
on the mitochondria which induce alterations that lead to 
an enhancement of mitochondrial Ca transport, at least 
when incubated with neonatal mitochondria for brief 
periods. Whether these effects have any physiological 
significance, remains to be assessed. 
The influence of hoY'l71ones 
In the present work, glucagon administration in vivo 
was see n to hav e two major effects on Ca transport in 
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mitochondria subsequently isolated from livers of peri-
natal rats. The earliest time at which an enhancing 
effect of gl ucagon on the initial rate of Ca transport was 
reproducibly observed was about 1 day before birth (Fig. 
6.7). At thi s stage of development, the effect was 
confined to that incubation system which included only 2 
mM-Pi. The possibility exists that this effect in turn 
arises from a s timulation by glucagon of Pi transport in 
those mitochondria as seen with adult rat liver mito-
chondria (Barritt et aZ. , 1978). 
The other major effect of glucagon administration in 
vivo was on mitochondrial Ca retention which , like the 
initial rate data, was most pronounced at 1 day before 
birth. Only s li ght but significant enhancements were seen 
at an earlier stage of development (Fig . 6.8). By 1 day 
after birth, the response of mitochondrial Ca retention to 
glucagon administration was similar to that observed with 
adult mitochondria (cf. Chapter 3) . 
The enhancement of mitochondrial Ca transport by 
glucagon administration as reported in the present work is 
c on sistent with the findings and conclusions of Sutton & 
Pollak (1980) that this hormone is one of the primary 
factors in foetal liver tri gge ring the maturation of 
mammalian mitochondria around the time of birth . 
Certainly it is now recognised that marked changes in the 
plasma concentration of glucagon and insulin occur at this 
time (Girard e t ai. , 1977). 
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Hormones other than glucagon may also be involved in 
the maturation process in the liver. For instance, 
catecholamines secreted at birth, can initiate the 
maturation of energy-transduction in foetal rat liver 
mitochondria (Sutton & Pollak, 1980). On the other hand, 
the plasma concentration of glucocorticoids rises rapidly 
at birth (Dupouy e t a l ., 1975). They are thought to be 
re s ponsible for the changes in liver before birth, such as 
the disappearance of erythropoetic cells and appearance of 
g l ycogen synthesis (see Greengard, 1971). Relevant to 
this are reports that glucocorticoids and Gatecholamines 
~n vi vo can lead to changes in the ability of mitochondria 
to transport Ca (Kimura & Rasmussen, 1977; Hughes & 
Barritt, 1978, 1979; Chapter 3). 
CHAPTER 7 
GENERAL DISCUSSION 
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This discus s ion was written with two main purposes 1n 
mind: 
( a ) to attempt to integrate data in the present study with 
a ran ge of curr ent i deas about th e r egulation of 
intra ce llul ar Ca , and 
(b) to indicate through this s ome future directions for 
research. 
A "MESSENGER" ROLE FOR PHOSPHATI DYLINOSITOL 
IN CELLULAR Ca REGULATION 
The mobilisation of intracellular Ca and its release 
from the cell are among the early events associated with 
the action of a -adrenergic agonists, glucagan and some 
other peptide hormones, in stimulating glycogen breakdown 
and gluconeogenesis in the perfused liver and hepatocytes 
(see Chapter 5 for references). Presumably, these events 
in turn are closely as s ociated with the redistribution of 
the hormone-sensitive Ca pools in mitochondria and the 
endoplasmic reticulum (Blackmore et a l., 1979c; Babcock 
et a l., 1979). 
The nature of the intermediary signals that are able 
to releas e Ca from th e intracellular stores in response to 
hormonal s timuli is largely unknown, but some evidence 
sugge s t s that it may involve step(s) 1n phosphatidylino-
sitol (PI) metabolism. This suggestion stems from the 
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findings that a-adrenergic stimulation as well as that by 
some other hormones and neurotransmitters in their 
responsive tissues, requires Ca ions and the concomitant 
activation of phosphatidylinositol metaboli sm (reviewed by 
Michell, 1975, 1979). Information about the putative 
messenger which triggers the release of Ca from mito-
chondria and endoplasmic reticulum might be gained from 
studies of the events that are initiated by the hormone-
receptor interactions on the plasma membrane. 
It is possible that phosphatidylinositol breakdown to 
1,2 -diacylglycerol is the earliest event in such stimulus-
response coupling, followed by the resynthesis of PI and 
enhancement of 32 Pi-incorporation (see Michell, 1975). 
The resynthesis of PI occurs mainly in the endoplasmic 
reticulum where PI can comprise up to 12% of the total 
phospholipids (Rouser et al. , 1968). Newly-formed PI is 
then recycled to the plasma membrane (Michell, 1975). It 
was suggested that inositol-cyclic phosphate released by 
receptor-stimulated PI breakdown could play a messenger 
role in a pathway leading to intracellular mobilisation of 
Ca (Michell & Lapetina, 1972), b.ut as yet , no firm support 
for this has been presented (see Exton, 1979b). On the 
other hand, the possibility exists that increased PI turn-
over may enhance the permeability of the plasma membrane 
to Ca more directly (Michell, 1979). However, there is no 
evidence for an effect of glucagon or B-agonists on PI 
turnover (Michell, 1975, 1979). Therefore, the 
mobilisation of intracellular Ca stores mediated by these 
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agents (Blackmore et al., 1979c; Babcock e t al., 1979) may 
involve a separate mechanism. However, there seems to be 
a difference in the nature of the Ca pools sensitive to a-
adrenergic agonists compared to those sensitive to 
glucagon: a-adrenergic agonists mobilise Ca largely from 
the mitochondria whereas glucagon mobilises a significant 
proportion of Ca from the endoplasmic reticulum as well 
(Blackmore e t a l., 1979c). 
HORMONE-INDUCED CHANGES IN MITOCHONDRIA 
The initial changes leading to a rapid efflux of Ca 
from the mitochondria and the cell are transient and reach 
maximal values about 4 min. after stimulation of perfused 
liver with a -adrenergic agonists and glucagon (Blackmore 
e t a l., 1978, 1979c; Chen e t al., 1978; Chapter 5). As 
shown in Chapter 5, mitochondria undergo certain alter-
ations which are sufficiently stable to allow their 
subsequent measurement i n v i tro . The stable alterations 
are expressed as a greater ability of such hormone-
challenged mitochondria to transport Ca as well as a 
greater resistance to the uncoupling effect of Ca (see 
also Dorman et a l., 1978; Hughes & Barritt, 1978; Prpi<'.: 
e t a l., 1978). We have interpreted those findings and 
their physiological significance as the re-accumulation 
phase in the recovery of cellular Ca (Chapter 5). Work in 
this thesis has shown that the proposed Ca-translocation 
cycle, consisting of the inwardly-directed Ca carrier and 
the outwardly - directed Ca release mechanism (Bygrave, 
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1978a), may operate in situ and i s subject to hormone 
action. The details about th e po ssible control mechanism 
and therefore the site of hormone action on the mito-
chondrial Ca-translocation cycle are relatively unexplored. 
Recently it was sugges t ed that the redox state of 
mitochondrial pyridine nucleotide s can regulate the rate 
of Ca efflux in the liver, he ar t and some tumour tissues 
(Lehninger et aZ ., 1978c). When mitochondrial pyridine 
nucleotides are in their reduced steady-state, the rate of 
Ca efflux is minimal and mitochondria retain Ca. On the 
other hand, when the redox steady-state of pyridine 
nucleotides is more oxidised, the rate of Ca efflux is 
enhanced. We have confirmed and extended these findings 
(Chapter 4), and shown that endogenous NADP/NADPH can be 
better related to the Ca efflux than that of NAD/NADH. 
This i s especially interesting because it has been 
established that the pyridine nucleotide oxidation-
reduction state in an intact cell is a reflection of the 
phosphorylation potential and thus the cellular energy 
s tate (Krebs & Veech, 1969). That would provi de a feed-
back mechanism for regulation of mitochondrial Ca 
transport; whenever the cytosolic energy state is low, Ca 
would be mobili sed in order to activate Ca-dependent 
proces ses like glyco gc nolysis (see Blackmore et al ., 1978). 
The Ca efflux pathway activated by the alterations in 
the redox s t eady -s tate in mitochondrial pyridine nucleo-
tides is not associated with damage to the mitochondrial 
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membrane and a decrease in the membrane potential 
(Lehninger et al ., 1978c; Fiskum Fi Lehninger, 1979; 
Chapter 4 this thesis). The same authors have found that 
Ca efflux induced by oxidation of pyridine nucleotides was 
insensitive to Ruthenium Red, suggesting that the observed 
Ca efflux proceeded by a route different fr om the reversal 
of the electrophoretic uniporter which is Ruthenium Red -
sensitive (Reed & Bygrave, 1974b; C. Ramachandran & F.L. 
Bygrave, unpublished observations). Both Ca efflux routes, 
Ruthenium Red-sensitive and -insensitive seem to be a 
target of hormone action as shown in Chapters 4 and 5. 
The possibility exists that hormones may activate 
Ruthenium Red-insensitive Ca efflux mechanism in the 
mobili sation of mitochondrial Ca. The same efflux 
mechanism, possibly occurring as a Ca/H+ antiporter 
(Fiskum & Lehninger, 1979), can be inhibited by the local 
anaesthetic tctracaine (Dawson et al. , 1979). It has been 
s hown that the perfusion of liver with tetracaine can 
prevent the mobilisation of Ca from the intracellular 
stores when stimulated by cAMP or glucagon (Friedmann & 
Rasmussen, 1970). The other possibility is that the 
release of Ca due to the hormonal stimuli takes place by 
the action of a natural Ca ionophore as suggested by some 
authors (Blackmore et al. , 1978). 
ROLE OF CYCLlC AMP 
There is much evi d nee that cAMP is the major if not 
only mediator of glucagon action in liver (Exton et al ., 
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1972) . By contrast, the effect of catecholamines in that 
tissue is not dependent upon cAMP, but rather on the 
distribution of Ca ions and their consequent increase in 
the cytoplasm (see Exton, 1979a,b). The evidence to date 
indicates that both hormones have the s ame site of action 
on mitochondrial energy-linked functions. Besides the 
effect on the Ca-translocation cycle (Chapter 5), both 
hormones can stimulate oxidative phosphorylation (see 
Chapters 3 and 5 for the references), increase pyruvate 
metabolism (Titheradge & Coore, 1976a; Halestrap, 1978b,c; 
Garrison & Borland, 1979), increase the mitochondrial pH 
gradient (Titheradge & Coore, 1976b; Halestrap, 1978b,c; 
Chapter s 3 and 5), increase the mitochondrial adenine 
nucleotide content and show the impedence of oxaloacetate-
induced NADPH oxidation (Chapters 4 and 5). The primary 
event that precedes these effects is not known, but 
Halestrap (1978c) suggested that it may lie in the 
phosphorylation of specific inner membrane proteins which 
in turn can enhance mitochondrial oxidative phosphoryla-
tion, and so increase the supply of ATP for ATP-dependent 
catabolic processes (Yamazaki & Graetz, 1977; Bryla et 
a l., 1977). Such phosphorylation can be achieved by cAMP-
dependent or Ca-dependent protein kinases (see Krebs & 
Beavo, 1979). It WRS found recently that these two 
kinases can phosphorylate the same set of 12 cytoplasmic 
proteins, two of th em being positively identified as 
pyruvate kina se- 1 and phosphorylase kinase (Garrison, 1978; 
Garri s on et al. , 1979). Sie ss & Wieland (1979) failed to 
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observe any increase in 32 Pi incorporation into mito-
chondrial proteins following glucagon stimulation of 
hepatocytes in contrast to an ear lier findin g (Zahlten et 
al. , 1972) that glucagon administration in vivo can 
stimulate 32 Pi incorporation into mitochondrial and lyso -
somal membrane proteins, though over longer periods of 
time. 
ROLE OF THIOL GROUPS 
Besides phosphorylation-dephosphorylation of proteins 
via specific protein kinases and the phosphate donor group 
(usually ATP), there is another biologically important 
means of covalent modification which involves changes in 
the redox state of thiol groups. The major metabolic 
impact of perturbing the redox state of the thiol redox 
system 1s just beginning to be elucidated . Several 
complex biological phenomena have been correlated with the 
thiol redox state including protein synthesi s , hormone 
release, neurotransmitter release, cell division, memory 
and hormone binding to the plasma membrane (reviewed by 
Chance et a l ., 1979; Low & Crane, 1978). Normally, 
mitochondria produce H2 0 2 ; some evidence shows that it 
may account for about 2% of the total oxygen consumption 
under conditions of state 4 respiration in rat liver mito-
chondria ( sec Chon cc ('.t a l. , 1979). The reduction of 
hydrogen peroxide by glutathione peroxidase is coupled to 
NADPH - dependent glutathione reductase. Therefore, the 
utilisation of hydrogen peroxide may be coupled to mito-
chondrial transhydrogenase activity and to the mito-
chondrial redox-state . 
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Besides the previously-mentioned stimulation of mito-
chondrial energy-linked functions, glucagon can stimulate 
the transhydro genas e system in subsequently isolated mito-
chondrial particles (Titheradge et al. , 1978) or in intact 
mitochondria (Chapter 4). This would then suggest that 
glucagon-treated mitochondria may regenerate their thiol 
groups more readily than control mitochondria. The 
suggestion is enhanced further by the observation that 
glucagon treatment lead s to the resistance of subsequent ly 
isolated mitochondria to the uncoupling effect of Ca 
(Hughes & Barritt, 1978; this thesis). The exact 
molecular details of this latter process, originally 
discovered in 1949 (Lehninger), is still unknown (see 
Bygrave, 1978a), but some evidence suggests that it may 
involve the stimulation of phospholipid turnover by Ca 
(Harris et al. , 1979; Pfeiffer et al. , 1979) . The latter 
in turn may be associated with alterations in the redox-
state of the functional thiol groups located in the inner 
mitochondrial membrane (Harris et al. , 1979). 
It is of interest that glucago n and phenylephrine 
treatment of rats leads to an increased endogenous adenine 
nucleotide content of subsequently isolated mitochondria, 
a factor we have corre lated with the observed impedence to 
the uncouplin g action of Ca (Chapters 3 and 5). The exact 
mode of action of adenine nucleotides is not known, but 
most probably involves several mechani s ms: (a) lowering 
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of free Ca inside the mitochondria (Lehninger et al. , 
1967), (b) a role in the maintenance of the structural 
integrity of the inner mitochondrial membrane (Lehninger 
e t al., 1967; Pollak, 1975; Bygrave & Ash, 1977; Hunter 
& Haworth , 19 7 9 ; Harris et a l. , 19 7 9 ; Ch apter 6) and 
(c) the role in the activity of the mitochondrial trans-
hydrogenase (Nakazawa & Nunokawa, 1977). In addition, the 
mechanism of uncoupling of mitochondrial functions by Ca 
is altered in some other physiological states like cancer 
(see Bygrave, 1976; Pedersen, 1978), development (see 
Pollak, 1977; Bygrave, 1978a; Chapter 6), and tumour-
bearing (Matthaei, 1979). 
Lehninger et a l. (1978c) have suggested that pyridine 
nucleotides could function as positive or negative 
modulators of Ca transport by binding to hypothetical Ca 
influx and efflux carriers. We have proposed that NADP/ 
NADPH rather than NAD/NADH can be correlated with the Ca-
translocation cycle (Chapter 4). More recently, Letscher 
et a i. (1979) proposed that glutathione peroxidase and 
glutathione reductase may control the redox state of mito-
chondrial pyridine nucleotides, and that this is involved 
in the balance of Ca between mitochondria and the 
surrounding medium. 
HORMONE-INDUCED Ca FLUXES TN M1CR0SOMES 
Microsomes, organelles obtained from the endoplasmic 
reticulum of rat liver, have a Ruthenium Red-insensitive 
Ca transport system which derives its energy from the 
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hydrolysis of ATP and requires Mg and Ca for the 
activation of the carrier (see Bygrave, 1978c). A number 
of recent reports indicate that this Ca transport system 
also responds to the action of hormones. Glucagon 
administration to the intact adult animal as well as when 
injected into foetuses and neonates (Bygrave & Tranter, 
1978) or when added to hepatocytes (Taylor e t al., 1979) 
or perfused rat liver (Waltenbaugh & Friedmann, 1978) is 
able to stimulate microsomal Ca transport. Insulin can 
decrease the stimulation of microsomal Ca transport by 
gluca gon in liver tissue (Waltenbaugh & Friedmann, 1978; 
Taylor et a l., 1979). Microsomal Ca transport in 
adipocytes can also respond to hormonal stimulation 
(McDonald e t aZ. , 1978). On the other hand, microsomes 
isolated from rat livers during the hours following birth 
show a peak in the Ca transport activity (F.L . Bygrave & 
P.H. Reinhart, unpublished observations), what correlates 
with the complex hormonal perturbation at birth (Girard e t 
a l., 1977). The action of glucagon was mimicked by 
dibutyryl cAMP (Tay lor e t a l. , 1979; W.M . Taylor, P .H. 
Reinhart, N.H . Hunt & F . L. Byg rave, unpublished observa-
tions), but not with a -adrenergic agonists (W.M . Taylor & 
F.L . By grave, unpublished observations). 
This, and the findings that microsomal Ca transport 
can also be stimulat ed following incubation i n vitro with 
cAMP and a small amount of rat liver supernatant fraction, 
s uggests that Ca tran s port in microsomes may be controlled 
by a phosphorylation-dephosphorylation cycle (W.M. Taylor, 
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P.H. Reinhart, N. H. Hunt & F.L . Bygrave, unpublished 
observations). A similar process can also regulate Ca 
transport in the sarcoplasmic reticulum, through phos-
phorylation of a specific protein referred to as phos-
pholambdan able to modulate the activity of Ca-ATPase 
(Tada et al., 1979). How these effects are integrated in 
situ with those on mitochondrial Ca transport, remains to 
be assessed. 
TIIE ROLE OF Ca-BINDING PROTEINS 
Recently, it has become apparent that a class of 
proteins able to bind Ca with high specificity and 
affinity are involved 1n the activation of many systems 
that are controlled by Ca. The cytoplasm of erythrocytes 
contains an activation protein able to activate Ca-ATPase 
located in the plasma membrane of that tissue (Jarrett & 
Penniston, 1977; Jarrett & Kyte, 1979). This small 
heat- s table Ca-binding protein has an amino acid sequence 
similar to that of troponin C, the protein that confers 
Ca-sensitivity on actomyosin ATPase (see Cohen, 1979). 
Kinetic measurements have demonstrated that calmodulin 
stimulates calcium-activated ATPase in human erythrocyte 
by an enzyme-ligand association (Jarrett & Kyte, 1979). 
It should be mentioned here that Ca itself can stimulate 
mitochondrial Ca tran s port (Bygrave e t al. , 197la,b), and 
that liver cytoplasm contain a protein termed a cyto-
plasmic metabolic factor able to alter some mitochondrial 
metabolic reactions (Loh e t al. , 1968; Kun et al. , 1972; 
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Binet & Volfin, 1975). 
Recently, it has become apparent that calmodulin is 
involved in the activation of many systems that are 
controlled by Ca. The se include adenyl cyclase from the 
brain, Ca tran sporters in erythrocyte and cardiac mic ro-
s omal membranes and the enzyme myosin kinase (reviewed by 
Cohen, 1979; Rylatt et al ., 1979). In addition, 
calmodulin has been demonstrated to be a subunit of 
phosphorylase kinase, the Ca-dependent protein kinase that 
converts phosphorylase b to phosphorylase a in skeletal 
muscle (Cohen et al ., 1978). Besides this, calmodulin can 
activate glycogen synthase kinase-2 (see Rylatt et al ., 
1979). It has been suggested therefore that this protein 
synchronises the rate of glycogen synthesis during muscle 
contraction as the concentration of Ca in the sarcoplasm 
rises (Cohen, 1979). 
It will be of interest in the future to determine 
whether calmodulin can operate in a similar way in the 
liver in the activation of systems known to be sensitive 
to Ca. 
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